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Abstract
The synthetic techniques used to produce magnetic nanoparticles have been greatly
refined in recent years to the point where very fine control over the size, shape and
composition of the particles is now achievable. The focus of much research now is to
produce magnetic nanoparticles for specific applications. For use in biomedical applications,
the initial step is to synthesise nanoparticles that are water soluble and stable in biological
solutions. This can be achieved bytailoring the surface of the nanoparticles with various
organic coatings such as polymers and peptides or inorganic coatings such as noble metals or
silica. Modification of the nanoparticle surface is also essential for the biofunctionalisation
of these particles.
Water soluble, monodisperse, cobalt and maghemite nanoparticles were made by a
one-step organic synthesis method, with a mean diameter of 7 + 1 nm and 8 + 1 nm,
respectively, and coated with a stimuli-sensitive polymer. The nanoparticles are
superparamagnetic at room temperature and stable in different media such as phosphate
buffer solution and water. The nanoparticles were also stable across a wide pH range. With
the stimuli-sensitive polymer coating, the nanoparticles also exhibit ‘smart behaviour’ in
response to the changing temperature. The stability of the nanoparticles and their ability to
dissolve in aqueoussolution makes them potential candidates for biomedicalapplication.
Using pulsed laser irradiation to decompose cobalt carbonyl in a solution of
stabilising ligands it was possible to produce sub 4 nm cobalt nanoparticles. By modifying
the reaction conditions such as the ligand concentration and wavelength oflight used it was
possible to changethe size and size distribution of the synthesised nanoparticles. Controlling
these conditions also gave an insight into the formation mechanism of the nanoparticles.
The thermal decomposition of bimetallic carbonyl clusters offered a unique method
for the synthesis of alloy magnetic nanoparticles. The composition of nanoparticles produced
very closely matched the atomic arrangement of the carbonyl cluster used to synthesise
them. Changing the reaction conditions, such as ligand concentration, ligand type and
reaction temperature had very little effect upon the physical characteristics of the synthesised
nanoparticles.
The latter two methods produced magnetic nanoparticles with a hydrophobic coating
that needs to be modified to make them water soluble if they are to be used in biomedical
applications. One approach used to overcome this was to manipulate the surface of the
magnetic nanoparticles which involved the exchange of, or addition to, the hydrophobic
ligand shells to make the nanoparticles more hydrophilic. Monodisperse cobalt and iron
oxide nanoparticles of various sizes were synthesised in organic solvent and coated with
hydrophobic oleic acid. Several synthesised polymers were used, each with its own exchange
or addition technique. Using thermo-responsive polymers produced water stable dispersions
of both cobalt and iron oxide stable up to 0.2 M and 0.5 M,respectively. However, where the
iron oxide nanoparticles remained discrete in solution the cobalt nanoparticles formed larger
spherical aggregates (100 to 150 nm in diameter). The stability of iron oxide nanoparticles in
aqueous solution was further improved by the use of phosphine oxide-polyethyleneglycol
polymer. However, this polymerdid notstabilise cobalt nanoparticles in water. The addition
of Pluronic F127 to the oleic acid layer produced very water-stable iron oxide nanoparticles,
but again was not suitable for use with cobalt nanoparticles. Since the ligand
exchange/addition techniques did not work well with cobalt nanoparticles an alternative
method for the functionalisation of the magnetic nanoparticles was sought. This method was
to reduce a gold salt on the surface of preformed magnetic nanoparticles to give them a layer
of gold in a core-shell structure. This gold shell provided a versatile platform for the
functionalisation of the nanoparticles. It was found that the gold layer did noteasily form on
the cobalt nanoparticles surface and instead formed an alloy, makingstabilisation of these
particles in aqueous solution difficult. However, a gold layer did form on the surface of
magnetite nanoparticles and it was possible to disperse these core-shell nanoparticles in
aqueoussolution andfurthermore, they could be functionalised with thiolated DNA.
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Chapter 1
Introduction
1.1 Overview
Nanotechnology can be described as the development materials at the
atomic and molecular level in order to instil them with special physical and
chemical properties’. Nanoparticles (NPs) represent an area within
nanotechnology, which deals with particles typically between 1 and 100 nm in
size. These NPs can be divided into different types according to their physical
and chemical properties. For example, semiconductor NPs fabricated from
materials such as CdSe, CdS and ZnS, which exhibit atom-like energy states due
to confinement effects, can be described as quantum dots’. The electronic
properties of these particles allows them to be used as active materials in single
electron transistors’. Furthermore, the atom-like energy states also play a role in
the special optical properties observed in these materials, such as particle-size
dependent wavelength of fluorescence’. Metallic NPs represent another class of
nanomaterial that have been studied since the mid-1800s. For instance, gold NPs
have been usedin the past for medical applications* and the optical properties of
these particles have been foundto differ greatly from the bulk material’. Metallic
NPsofparticular interest are the magnetic NPs that can consist of metals such as
6, 10, 11iron 7 cobalt® and nickel’, alloys such as CoPt and FeCo” as well as iron
oxides.
Interest in magnetic NPs has grown rapidly in recent years due to their
: . : . . 2 ‘ ‘ - 14diverse applications in biomedicines'*, novel materials for engineering'* and
devices'*, which arise from the unique combination of small size, exotic
properties and processability of these materials. Magnetic NPs can be extremely
useful due to their potential biomedical applications in areas such as magnetic
resonance imaging (MRI), targeted drug delivery'®, hyperthermia treatment’? of
solid tumours andcell separation’.
The physical properties can be attributed to the size and surface effect of
the NPs as well as inter-particle interactions and unusual electron transport
properties’. These include a large surface area to volumeratio and ubiquitous
tissue accessibility making the particles very suitable for use in in vitro
diagnostic applications! . The magnetic properties of the NPs is particularly
important for in vivo applications where superparamagnetic particles are
preferred as these do not retain any magnetism upon the removal of a magnetic
field as opposed to ferromagnetic material that aggregate after exposure to a
similar field!” '8,
As mentioned above, the physical properties of these nanostructures
(optical, electrical, chemical, magnetic, etc) are dependent upon their size,
composition and crystal structural ordering. Therefore, the fabrication of tailored
NPsreliably and predictably is highly desirable. One of the ways to produce well
defined NPsisto tailor the surface properties of the particles, often by coating or
encapsulating them in a shell of a particular material’’. This coating and
encapsulation can also protect the core from extraneous chemical and physical
changes '4,20 Various substances have been used to form the protective shell of
22, 23NPse.g. silica’, polymer”’, peptide and noble metals”, however achievingg poly pep
long term stability of the particles still remains a problem.
Modification of the surface properties is particularly important when
considering in vivo applications to ensure that particles are biocompatible, non-
toxic and stable to the reticulo-endothelial system: the body’s major defence
mechanism’. Particles possessing a hydrophobic surface are readily coated with
plasma components in the blood stream and are therefore easily removed from
the circulation, while more hydrophilic particles can resist coating and are
cleared much more slowly~’. Many common hydrophilic coatings used on NPs
include derivatives of dextran, polyethylene glycol, polyethylene oxide,
poloxamers and polyoxamines”’. The dense brushes of polymers can inhibit the
opsonisation (the process that causes foreign bodies to be recognised by the
body’s reticulo-endothelial system) of the particles, thereby increasing their
circulation time.
1.2 Magnetism
Magnetic moments arise from electrons having a negative charge and
spin. A rotating, electrically charged body causes a magnetic dipole effect, thus
creating magnetic poles in equal but opposite directions. Therefore, all materials
are magnetic to some extent and the magnetism depends upon the atomic
structure of the material and temperature. However, most materials only exhibit a
low level of magnetism, and even then only in an externally applied magnetic
field’. These materials can be described as either diamagnetic or paramagnetic.
Diamagnetic material displays a weak repulsion from a magnetic field and arises
becauseall the paired electrons in a material will make a weak contributionto its
response. Diamagnetism is overpowered in materials that display other forms of
magnetism. Paramagnetic material has unpaired electron spinsand, in an external
magnetic field, has a small induced magnetism, due to the small number of spins
orientated by the field. It does not retain any residual magnetism after the
removal of an external magnetic field as the thermal motion causes the spins to
become randomly orientated (Figure 1.1).
Other materials display ordered magnetic states and some are magnetic in
the absence of an external magnetic field; these materials can be described as
ferromagnetic, ferrimagnetic and antiferromagnetic (Figure 1.1)°8. Each type of
magnetism has different coupling interaction between the electrons within the
material that gives rise to large spontaneous magnetisations’®. Ferromagnetic
material becomes magnetised in an externally applied magnetic field and remains
magnetised for a period after removal of the field. Atoms with partially filled
atomic orbitals (i.e. unpaired electrons) can experience a net magnetic momentin
the absence of a magnetic field. Ferromagnetic material has many such electrons
giving rise to permanent dipoles or ‘spins’ that can align in parallel
spontaneously, even in the absence of an external magnetic field. Adjacent
magnetic moments can align in opposite directions; in ferrimagnetic material the
opposing moments are of unequal strength, resulting in a net magnetic field
lower than that expected for ferromagnetic material. If the opposing moments are
of equal strength, giving rise to a zero net magnetisation, the material is
described as antiferromagnetic. All these effects are temperature dependent and
only occur below the Curie temperature”® in ferro- and ferrimagnetic material
and the Néel temperature™® in antiferromagnets. Above this temperature the
thermal energy is sufficient to overcome the energy within the magnetic field and
the moments are free to move out of alignment and the material becomes
paramagnetic. To minimise energy losses ferromagnetic material tends to form
magnetic domains, where each domain is magnetised in a different direction.
However, particles less than approximately 100 nm in diameter are composed of
a single magnetic domain. When magnetic particles are cooled below certain
temperature, the magnetic moment becomes blocked. This temperature is known
as the blocking temperature (7;nee Blocking temperature is dependent up on the
size and composition of the particle (larger particles have larger blocking
temperatures). Unblocked material that responds to a magnetic field is described
as superparamagnetic. This material can display paramagnetic behaviour below
the Curie or Néel temperature; however superparamagnetic material has a higher
magnetic susceptibility per atom than paramagnetic material. This phenomenon
occurs in material composed of small crystallites and while the thermal energyis
not enough to overcome the coupling forces between neighbouring atomsit is
sufficient to change the magnetisation of the whole crystallite.
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Figure 1.1. Schematic diagram of the arrangement of magnetic spins
(symbolised by arrows) in materials showing different types of magnetism.
1.3 Biomedical applications
Magnetic NPs, in the form of ferrofluids, have potential use in a wide
range of applications in biomedicine, for example MRI’, controlled drug
delivery”” 3°” biological targeting and cell separation® ' cancer diagnosis and
treatment*”. Each application requires NPsthat are tailored specifically for that
function. Some of the applications are discussed in more detail in the following
sections.
1.3.1 Magnetic fluid hyperthermia
Thermotherapy of tumours includes thermoablation®® and hyperthermia**
treatment. In thermoablation therapy the tumour is heated above 46 °C for a
relatively short period of time to induce necrosis and coagulation or
carbonisation of the cancer cells. Hyperthermia treatment heats the tumour to a
lower temperature (42 46 °C) for an extended period oftime to cause cancercell
death. Thermotherapyhasthe potential to be very effective for targeted treatment
of cancer as tumours are more susceptible to the effects of heating than healthy
tissue because of the poor and disorganised blood supply** . The poor blood
supply meansthat the heat is not dissipated from the tumouras rapidly as healthy
tissue. Not only this, but the hypoxic cells of the tumour have a lower thermal
resistance due to higher levels of lactic acid*’. Magnetic NPs havethe potential
for use in these treatments, in conjunction with chemotherapy, radiotherapy and
surgery’°’. The treatment is based on the response of the magnetic NPs to an
alternating current (AC) magnetic field where heat is generated by hysteresis loss
and Ohmic loss as well as Néel relaxation (reorientation of the magnetisation)
and Brownianrelaxation (frictional forces)*® For superparamagnetic material
the main source of energy loss is via Brownian relaxation’’. Upon exposure to
elevated temperatures, the cancercells will release heat shock protein (HSP) that
will try to refold proteins that have been denatured by the heat. Therefore,
thermotherapy should be used in conjunction with HSP inhibitors’'. The control
of the temperature of the magnetic NPs in vivo can also help avoid healthy tissue
damage. By designing materials in such a way that they display temperature
sensitive magnetic properties, it may be possible to control the temperature of the
particles. A material with a suitable Curie temperature (Tc ~ 42 — 56 °C) would
be ideally suited for this purpose. Below the Curie temperature, exposing the
material to an AC magnetic field will generate heat and the heating will stop
once the temperature exceeds this temperature”. This way the material can act as
an in vivo temperature-controlling switch. Amongst the more promising material
for this use are ferrites such as Mno4Zno6Fe204”.
1.3.2 Magnetic resonance imaging contrast enhancement
MRI is based on the response of protons from water in tissues and organs
to the combined effects of a strong static magnetic field (Bo) and a transverse
radiofrequencyfield (rf field)’. After rf excitation the protons attempt to return
to their ground states through two independent relaxation processes. In
longitudinal (spin-lattice) relaxation, or 7; recovery, the energy absorbed by the
protonsis released into the surroundingtissue (lattice) as they try to re-align with
Boandis quickly dispersed. The other processis transverse (spin-spin) relaxation,
or T> decay, where the energy is dispersed between spinning protonsin the tissue
and is therefore a much slower process. A computer collects the relaxation data
and a two-dimensional Fourier transformation is applied to give the amplitudes
of nuclear magnetic resonance (NMR) signals**“*°, The intrinsic differences in
relaxation times between different tissues is usually small, however, the addition
of magnetic material as contrast agents can shorten these relaxation times (Figure
1.2)'° and thus improve the diagnostic value of MRI for improved delineation of
47organs.
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Figure 1.2. Relaxation rates R1 (a), R2 (b) and R2* (c) plotted for different
concentrations of cobalt (from Parkesef al”).
The detection of metastases has proved difficult in the detection of
invasive tumours. Using magnetic NPs as contrast agents in MRIit is possible
visualise metastases in lymph nodes, backbone, brain, liver, spleen, urine
bladder, throat, lungs, kidney, and rectum in mice that were not palpable by
physical examination nor visualised using non-enhanced MRI".
1.3.3 Drug carrying and release
Magnetic drug delivery is based on the concept that magnetic
nanoparticle-drug conjugates are injected into a patient and then guided to a
specific site by localised magnetic field gradients, held there until the therapy is
complete and removed’. In this way, large doses of drug can belocalised to
achieve a high local concentration and released over a long time period,
improving efficacy, and thus reducing systemic toxicity and other adverse side
°0-°2 (Figure 1.3). For example,the anti-effects associated with high drug doses
cancer drug, Melphalan, has been bound to dextran coated ferrite NPs and as a
result, it was found that the activity of the drug increased. Magnetic
nanoparticle uptake in cancer cells is much faster than in healthy cells’. In
addition, the magnetic fluid can also be used to locally heat a tumour by applying
an external AC magnetic filed in a combined therapy known as
‘magnetohydrodynamic thermochemotherapy’“’. Elsewhere, monodisperse
magnetite particles have been embeddedinto silica with CdSe/ZnS quantum dots
and then used for the uptake and controlled release of ibuprofen, with the release
controlled by the surface properties of the mesoporoussilica spheres’.
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Figure 1.3. Schematic view of the use of magnetic nanoparticles for guided drug
delivery (Adapted from Moore.””).
As well as anti-cancer therapy, magnetic nanoparticle-drug conjugates
can be used in other therapies such as the treatment of ischemic thrombosis.
Recombinant tissue plasminogenactivator (rt-PA) has been shownto effectively
restore or improve perfusion in thromboembolic diseases such as ischemic
stroke™°! . It works by strongly binding to newly formed thrombi, exerting
serine protease activity and converts plasminogen to plasmin, resulting in
fibrinolysis at the site of the thrombus. However, systemic administration ofrt-
PA often results in haemorrhage, with serious consequences for the patient. By
implanting a permanent magnetinto an embolic rat model, it has been possible to
retain magnetic nanoparticle-rt-PA conjugates in the vicinity of a blood clot
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resulting in the thrombolysis ofthe clot”. This approach allows a lower amount
of drug to be administered, while increasing the effective drug concentration at
the site of activity, resulting in reducedside effects.
1.3.4 Magnetohistopathology
Histopathology is the principle method for the diagnosis of disease,
particularly cancer®: however the assessment tends to be subjective and not
automated or quantifiable. Immunohistochemistry utilises the specificity of
antibodies for their target antigens”. A vast number of antibodies are
commercially available that can be used as diagnostic and prognostic indicators
leading to an equally large number of immunohistochemical assays. The simplest
assay is the direct conjugation of the antibody to the reporter molecule. However,
this requires a large copy number of the marker to relay the signal. More
complex methods involve an amplification step to produce a signal. This uses the
addition of layers composed of antibodies and complexesthat physically increase
the mass to boost the signal. Magnetic NPs offer a unique method to detect the
expression of clinically significant marker molecules in the histopathological
examination of tissue samples used to identify cancer (Figure 1.4). Biotinylated
or streptavidin coated magnetic NPs can be introduced into a standard
immunohistochemical assay, that uses a biotin/streptavidin system and thereby
get caught up in the globular complex formation®. The presence of the magnetic
NPscan be detected by using magnetic force microscopy andhasthe potential to
automate the screening process as well as categorising expression levels of
cellular markers semi-quantitatively.
1]
Avidin/biotinFunctionalised complexmagnetic NPs  
<«+—____ Biotinylated 2°
Antibody
Cells immobilised on glass slide
Figure 1.4. Schematic of the magnetic-immunohistochemical assay.
Approximately 2 tum tissue sections are incubated with a primary (1°) antibody
specific to the markerof interest. A secondary (2°) biotinylated antibody specific
to the 1° antibody is added followed by an avidin/biotin complex. Other
biotinylated or streptavidin coated molecules can be added in the process such as
horseradish peroxidase or magnetic NPs. Amplification is achieved by altering
the complex formation parameters resulting in an increased number of magnetic
reporter molecules being deposited on the 1° antibody. (adapted from Mitchells
etal).
1.3.5 Nucleic acid/gene delivery
Nucleic acid delivery into cells, also known as transfection (in the case of
nonviral vectors) or transduction (in the case of viral vectors), is in most cases
used to achieve the over-expression of introduced genes, the on/off regulation of
endogenousgenesor gene repair®. In a similar way to magnetic drug delivery,
7 in a processmagnetic NPs can be used as a non-viral gene delivery vectors°
coined magnetofection’’. The use of magnetic field promotes the transfection of
genetic material-magnetic nanoparticle conjugates into target cells’. By using an
oscillating magnetic field, transfection rates can be much improved and have
been observed to be more efficient than lipid based agents such as
Lipofectaimine 2000 7”. For example, polyethyleneimine (PEI) coated
magnetic NPs can bind DNAviaelectrostatic interactions” and then by using a
magnetic field gradient they can be targeted to a specific tissue”’. Once the
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magnetic nanoparticle-DNA complex has entered the target cell (usually via
clatharin-dependent endocytosis’* ™)‘the PEI (itself a non-viral delivery agent)
promotes DNA release into the cell by facilitating lysosomal escape.”
Magnetofection has been used in a variety of cell lines and primary humancells
and has also been usedto deliver siRNA”and antisense oligonucleotides both in
vitro and in vivo’. Similarly, streptavidin coated magnetic NPs were used as
gene delivery vectors to transfer vascular endothelial growth factor (VEGF) in
vivo, which can be targeted to the heart by means of an external magnetic field
for treatment of cardiovascular disease.” Using silica as the protecting and
1”® used biotin-avidinbiocompatible layer on a magnetic nanoparticle, Zhao ef a
molecules as linkers for bioconjugating a molecular beacon as a DNAprobe.
These NPs were able to detect, collect and separate trace amounts of DNA/RNA
with a single base difference and can monitor and confirm the collected gene
productsin real time.
The improved efficiency of the delivery by magnetic NPs compared to
other methods may be due to the time taken for the genetic material to get into
the tissue. Most non-viral vectors enter cells by slow diffusion, however these
vector are subject to time dependent inactivation and can be toxic at high
concentrations”. In a high gradient magnetic field the full applied magnetic
nanoparticle vector dose can sediment onto the cells in a matter of minutes”. As
well as overcoming the diffusion limitations, magnetofection can be used to
synchronise transfection and the vector dose is reduced.
There are somelimitations with this technique that involve problems with
scale up: it has been shown to work in vitro and in vivo in small animals. For
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targets further from the magnetic field source, higher gradients are required as
the field strength quickly diminishes with distance from the magnetic source®”.
1.3.6 Biomagnetic separation and magnetic field flow fractionation
Magnetic field flow fractionation (MagFFF) is a technique similar to
chromatography except where chromatography uses the separation between the
liquid and solid phases; MagFFF uses the liquid phase only*'. A typical
instrument set-up is depicted in Figure 1.5. By applying a quadrupole magnetic
field across a thin-parallel-walled channel, magnetically tagged material in a
solution is drawn to the edge of the channel where the fluid is moving very
slowly**. Material not attracted to the magnetic field remains in the faster
flowing fluid in the centre of the channel andis eluted first. The magnetic field is
then removed allowing the tagged material to be eluted. An adaptation of this
technique has successfully isolated pancreatic islets infused with magnetic NPs*®,
which is a requirement for islet transplantation for the treatment of type 1
diabetes**.
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Figure 1.5.A typical set-up of MagFFF instrumentation (from Carpinoet al.*'),
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1.3.7 Cell tracking
Interest in the use of stem cells and dendritic cells as therapeutic agents
has increased greatly over recent years®*. For the development of clinical cell-
based therapies, the location and detection of the cells used needs to be
determined in a non-invasive manner. This can be achieved by using magnetic
NPsto track the cells through MRI*. Magnetic NPs provide the labelled cell
with a large magnetic moment that creates substantial disturbances in the local
magnetic field leading to a rapid dephasing of the protons, not only in the
labelled cell but also those in its immediate vicinity®’. For example, Bulte ef al.*°
were able to observe the migration of oligodendrocyte progenitors, that were
magnetically labelled using iron oxide NPs, up to a distance of 10 mm in the
spinal cord of myelin-deficient mice. They werealso able to detect the formation
of new myelin in the areas of hypointense magnetic resonance signal, indicating
that the presence of magnetic NPs madelittle difference to the function of the
therapeutic cells. This has significance in the treatment of multiple sclerosis, a
general feature of which is the failure of patients to regenerate myelin. Other
conditions, such as Parkinson’s Disease, ischaemic stroke and spinal injuries
have the potential to be treated with cell-based therapies®*” °°. These cells can
uptake 10 to 20 ng of iron per cell without any effect upon cell viability and
proliferation®’, however, inhibition of cellular differentiation along particular
pathwayshasbeen reportedin certain cell types”.
Magnetic NPs also have the potential to detect the movement of T-cells
by using a SQUID array’'. This technique has potential as a non-invasive method
for determining organ transplant rejection, which is usually monitored by biopsy.
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In a similar way lymph node metastasis from breast cancer can be identified by
injecting a ‘magnetic dye’ into the primary tumour”. Using this technique a
clinician can distinguish the specific lymph nodes to which the cancer has spread
and set any treatment accordingly.
Aninteresting development for the treatment of tumours is the use of a
patient’s own monocytes that have been genetically modified as gene delivery
agents”. Once in the tumour the monocytes differentiate into macrophages and
accumulate particularly in the treatment resistant hypoxic/perinecrotic areas
allowing delivery of genetic material to previously inaccessible areas. However,
ex vivo manipulated monocytes do not travel to tumour very efficiently when re-
administered to the patient”’. Incorporating magnetic NPs into the monocytes
mean they can be attracted to the diseased tissue by use of a magnetic field
gradient near the tumour and because the monocytes are magnetically labelled,
the degree of infiltration into the tumour can also be monitored by MRI.
1.4 Methodsof synthesis of magnetic nanoparticles
The three main synthetic methods for nanoparticle fabrication can be
grouped into solid, gas and solution routes (for review see Tartaj ef al.**). Solid
routes mainly involve the mechanical milling or the mechanochemical treatment
of raw powder to produce NPs'*, This method has the disadvantage of
introducing contamination to the products from the milling equipment and the
atmosphereas well as producing large polydisperseparticles.
Chemical methods can be split into two main groups: ‘phase-
transformation’ '* which can be described as the conversion of metal compounds
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into metals through thermal decomposition (see below) or chemical reduction”
and ‘phase-buildup’ where particles are ‘constructed’ from building blocks
(metal atoms). The process can take place in the gas phase (chemical vapour
deposition)'* or the liquid phase (chemical precipitation)'*. Gas phase synthesis
involves the formation of a supersaturated vapour of condensable gaseous
species as a result of a chemical reaction that produces a new species or as a
result of a physical process, such as cooling that will reduce the vapour pressure
of the condensable species. There are also several methodsthat use the solution
route and are discussed in further detail below. These techniques produce
uniform metal particles of different shape by using appropriate precursors and by
adding a surfactant/capping ligand during the transformation. The addition of a
surfactant/capping ligand can also prevent aggregation ofthe particles.
In the liquid phase, the chemical precipitation usually occurs from
homogeneous solution. When the concentration of the constituent precursor
reaches critical supersaturation there is short burst of nucleation (Figure 1.6).
This followed by a period of uniform growth as the solutes diffuse from the
solution to the surface of the nuclei until the final size is reached. To achieve
monodisperse NPs, this process requires the separation of the nucleation and
growth phases, with no further nucleation occurring during the growth period.
Multiple nucleation events can result in small particles aggregating to form much
larger particles” ° Nucleation, particle growth and particle interaction can be
better controlled in a liquid medium, making chemical precipitation a more
favourable method for producing uniform particles with well-controlled features.
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Figure 1.6. Formation mechanism of NPs where, following a single burst of
nucleation, a period of uniform growth leads to the formation of monodisperse
particle by diffusion. Multiple nucleation events and growth can lead to
polydisperse suspensions of NPs (from Thanh ef al%),
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1.4.1 Decomposition of organometallic compounds
1.4.1.1 Decomposition at high temperature
In this process organometallic complexes are rapidly broken down in hot
solvent containing surfactant, which can form a protecting layer around the
nanoparticle. For example the rapid pyrolysis of dicobalt octacarbonyl
[Co2(CO)s] in o-dichlorobenzene (DCB), in the presence of trioctyl phosphine
oxide (TOPO)andoleic acid (OA)at reflux temperature will produce cobalt NPs
(as depicted in Figure 1.7), whose size and shape can be controlled by varying
the molar ratios of precursor and surfactant”°°. This method of synthesis can
produce NPsofnarrowsize distribution and highly uniform shape.
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Figure 1.7. Schematic of the equipment used for a typical thermal decomposition
nanoparticle synthesis.
  
The protective layer can also consist of polymers, which can betailored
to improve the biocompatibility of the NPs. For example, Stevenson ef al.”' used
a_poly[dimethylsiloxane-B-(3-cyanopropyl)methylsiloxane-B-dimethylsiloxane]
(PDMS-PCPMS-PDMS)family of triblock polymers with controlled length to
coat cobalt NPs. The central block (PCPMS) absorbs onto the nanoparticle
surface and the hydrophobic end-blocks protrude into the carrier fluid
(poly[dimethylsiloxane]), providing suspensionstability. Alternatively, Thanh et
al.” used peptides as capping ligands for in situ synthesis of water-soluble cobalt
NPswith the aim to use these particles for biological applications. The ability to
tune the properties of the peptides (by varying the length, and sequence of amino
acids) makes them a unique class of ligands for combinatorial nanomaterial
synthesis. In addition to the 20 amino acids that occur naturally in proteins, over
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100 unnatural amino acids are available for peptide synthesis, which provide
access to a huge chemical combinatorial space.
Thermal decomposition has been successfully used to synthesise
magnetic NPs oxides of Cr, Mn, Co and Ni from metal fatty acid salts”’. The
particles produced have a very narrow size distribution and sizes that are
tuneable over a wide size range (3-50 nm). However, the synthesis is carried out
in organic solvent and the particles were capped with fatty acids making them
non-dispersible in water. Park er al.'°° used a similar technique to produce
monodisperse iron oxide NPs using an iron (III) chloride and sodium oleate,
which are both inexpensive and non-toxic, to generate an iron oleate complex.
The complex was then decomposed at high temperature (240 — 320 °C) in a
variety of solvents to produce iron oxide NPs with diameters in the range of 5 —
22 nm depending on the temperature and aging period. The same group produced
monodisperse iron NPs by the sequential decomposition of Fe(CO)s; and the iron
oleate complex at different temperatures.'”' The reaction is similar to a seed
mediated growth process and by using this methodis was possible to obtain very
fine control over the particle size to within a single nanometre. In both these
cases the particles produced were dispersible in organic solvents, but it is unclear
if they were dispersible in water.
For biomedical applications, NPs that can be dispersed in water are much
more desirable. Water soluble magnetite NPs have been producedby heating a
solution of FeCl3-6H20 in 2-pyrrolidine’” or 0,@-dicarboxyl-terminated
poly(ethylene)’ under reflux (245 °C). The particle size could be controlled by
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the amount of time the solution was heated underreflux (i.e. the longer the time
the larger the particle).
Due to their larger magnetisation compared to metal oxides, metallic NPs
are much more desirable for many applications. Thus, thermal decomposition of
Fe(CO)s, in the presence of polyisobutene, has been used to synthesise iron
NPs'*. By decomposing Fe{N[Si(CH3)3]2}2 with Hz in the presence of
hexadecylamine and oleic acid or hexadecylammonium chloride at 150 °C,
Dumestreef al.'”* produced iron nanocubes between 7 and 8.3 nm that assembled
in extended crystalline superlattices. Cobalt nanodisks have been made using the
thermal decomposition of in the presence of linear amine that self-assemble into
long ribbons'”° and the high temperature decomposition of non carbonyl
organometallics, such as Co(n°-CsHi13)( 1'-CsHi2), have produced cobalt
nanorods!?”!°8,
Air stable cobalt NPs have been synthesised by the thermolysis of
Co2(CO)s, using aluminium alkyl compoundsas the co-ordinating ligand’, By
varying the alkyl chain length of the co-ordinating ligand it was possible to
control the particle size in the range of 3 to 11 nm!°. The particles were
stabilised by the partial oxidation of the cobalt particle surface using synthetic air
to produce an oxide shell. Without this oxidation step the particles rapidly lost
their magnetisation.
Magnetic alloys such as CoPt and FePt have some advantages over
metallic and metal oxide NPs such as high magnetic anisotropy, enhanced
magnetic susceptibility and large coercivities!’”. Novel materials, such as FeP
and MnP havebeen synthesised from the reaction iron(III) acetylacetonate and
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manganese carbonyl, respectively, with tris(trimethylsilyl)phosphine at high
temperature''' '!?. These materials have been studied for their ferromagnetism,
magnetoresistence and magnetocaloric effects’? '"*.
1.4.1.2 Decomposition by laser irradiation
Thelaser driven pyrolysis of metal compounds, such as carbonyls, can be
used to produce magnetic NPs. The synthesis is usually carried out in the vapour
phase, with a carrier gas used to transport the nebulised precursor into a reaction
chamber whereit is irradiated with a laser. The size of the particles can be
controlled by changing the flow rate of the vapour through the reaction
chamber''°. For example Co NPs have been produced bythe laser pyrolysis of
Co2(CO)g vapour produced by evaporation of the precursor'!°, This laser
evaporation method has been used to produce a variety of nanosized material
such as FeCo alloy and silica coated iron oxide NPs!!> '!71!9. Ujtra-violet
irradiation of a cobalt (II) acetate solution has also been used to synthesise Co
NPs which have certain morphologies depending upon the experimental
parameters!*”. By using variation of this technique it is possible to use laser
irradiation to induce the decomposition of Co2(CO)g in organic solution. This
will be discussed further in Chapter 3.
1.4.2 Reduction methods
1.4.2.1 Reduction in solution
Reduction is the transfer of electrons from reducing agent to oxidised
metal species in a process driven by the standard redox potential of the reaction,
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AE®. The value of AE® will indicate the likelihood of the reduction proceeding
and can predict the rate of the chemical reaction. An increase in its value is
associated with faster generation of atoms in the liquid phase. This leads to a
higher supersaturation concentration and, therefore, faster nucleation. Thus,
finely controlling the redox potential of the reacting species and the overall
reaction is vitally important in controlling the properties of the metal particle
produced. Complexing or precipitating the oxidised metallic species can alter
their electrochemical potential. The degree of change is dependent on the
stability constants or the solubility products of the resulting compounds’”’.
The simplest form of this type of reaction is the reduction of a metal salt
1.’usedin aqueoussolution with a suitable reducing agent. For example, Lu et a
NaBH,to reduce CoC], in an aqueous solution containing synthetic polymers to
produce water stable Co NPs. The size and shape of the Co NPs could be
controlled by varying the structure, molecular weight and concentration of the
polymers in solution. An alternative reduction method is to use the polyol
process. In this technique one or more metalsalts are dissolved in alkaline polyol
and heated to obtain pure or alloy magnetic NPs'*? '*4. Control of the
composition, size, size distribution and crystal structure is dictated by the
reaction rate of the polyol process. The reaction rate in turn is a function of many
experimental parameters such as polyol reduction potential, metal salt
concentration, pH and reaction temperature.
The reducing agent can form an intermediate with the oxidised metal
species without altering its oxidation state. For example, the reduction process
can beinitiated by increasing the temperature, producing conditions that lead to
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the formation of highly crystalline structures of regular shape. One example is
the reduction of iron (II) chloride and platinum acetylacetonate using super-
hydride (LiBEt3H) at high temperature (263 °C) to produce 4 nm FePt magnetic
NPs’*°. Alternatively, 5 nm CoPt NPs can be producedby co-reduction of cobalt
and platinum acetylacetonate in trimethylene glycol'’. These particles are
ferromagnetic at room temperature and by annealing above 550 °C the magnetic
properties of the NPs can be enhanced,dueto the induction of ordering.
1.4.2.2 Reduction in microemulsion/reverse micelles
Reverse micelles or microemulsions are spherical vesicles formed by
surfactants dissolved in organic solvent (Figure 1.8) that can be used as micro-
reactors for the synthesis of NPs. Briefly, ions of the metal nanoparticle desired
are dissolved in aqueous solution and added to the reverse microemulsion
suspension. A reductant (e.g. NaBHy) is added to the mixture and once the
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  Figure 1.8. Structure of Aerosol-OT (sodium bis(2-ethylhexyl) sulfosuccinate)
and a spherical reverse micelle (from Faeder and Ladanyi’)
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metallic NPs are formed the microemulsion solution is disrupted by adding
excess amounts ofpolar solvent and the particles are collected'?”""°".
A variety of magnetic NPs have been produced using the microemulsion
technique including cobalt, cobalt/platinum alloys and gold coated
3? where cetyltrimethylammonium bromide (CTAB) and 1-cobalt/platinum
butanol were used as the surfactants and the continuous oil phase consisted of
octane!*?, Similarly, spinel ferrites, such as MnFe2O4, with controllable sizes
from 4 to 15 nm, have been made using a water in toluene reverse
microemulsion, with sodium dodecylbenzenesulfonate as the surfactant'*?, The
aqueous surfactant solution was added to an aqueoussolution of Mn(NO3)2 and
Fe(NO3)2, followed by a large volume of toluene to form the reverse
microemulsion. The particle size was controlled by the ratio of water to toluene.
It has also been possible to produce non-spherical particles using a
microemulsion, for example, the iron oxide nanorods synthesised by Woo ef
al.'**, The reverse microemulsion was formed from oleic acid and benzyl ether,
with FeCl;-6H2O used as the iron source and propylene oxide as the proton
scavenger. By varying reaction conditions, such as temperature, atmosphere and
hydration state, the phase of the nanorods could be controlled.
Many types of nanoparticle have been made using the microemulsion
method'**. However,the particles produced tend to have a wide size distribution.
Furthermore, the working window for the synthesis is narrow leading to a
relatively low yield of NPs, compared to other techniques such as thermal
decomposition. Also the large volumes of solvent used during the synthesis make
the scale-up of this method difficult.
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Reverse microemulsions provide unique reaction media as they can
solubilise, concentrate, localise and even organise reactants. They also allow the
nanoparticle synthesis to take place in aqueous solution. However, control of the
size and shape of NPs synthesised by this methodis difficult as it reflects the
interior of the micelle.
1.4.2.3 Hydrothermal synthesis
Co-precipitation is a technique that has been used for many years to
produce iron oxide NPs from aqueous Fe**/Fe*" salt solutions by the addition ofa
base under inert atmosphere. The technique is simple to use; however it does
tend to produce polydisperse NPs. A variation of the co-precipitation method,
known as hydrothermal reduction has produced a broad range of NPs. The
technique uses a liquid-solid-solution system where metal ions are reduced by
ethanol at the phase interfaces’**. The phases consist of ethanol-linoleic acid as
the liquid phase, sodium linoleate as the solid phase and a water-ethanol solution
of metal ions of the desired NPs. The method is based on the instantaneous phase
transfer and separation mechanism that occurs at the interfaces of the different
phases present during the synthesis and ion exchangethat leads to the formation
of metal linoleate and sodium ions entering the aqueous phase. At a certain
temperature the ethanol in the liquid and solution phases will reduce the metal
ionsat the liquid-solid or solution solid interfaces. The linoleic acid generated by
the reaction is adsorbed onto the developing nanoparticle to form a stabilising
shell. A combination of the hydrophobic surface on the particles and their weight
means the formed NPsare easily collected. This technique has been used to
produce very monodisperse 9 nm Fe304 and 12 nm CoFe204 NPs? 138,
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1.4.2.4 Seed mediated growth
Introducing ‘seeds’ to a reaction mixture can increase the nucleation rate
and thus the properties of the resulting metallic particles!*’. The catalytic and/or
surface properties of the small solid entities can trigger the reduction of the
species and the nucleation process. This is of particular use in systems in which
nucleation would not otherwise take place or too slowly. It also has the
advantage ofartificially separating the nucleation and growth phases of the
particle formation. Seeds can be produced ‘in situ’ by the rapid reduction of a
different, more electropositive element or be in the form of a stable dispersed
preformed nanosized particle of the same metal. To form monodisperse metallic
particles it is necessary for the nucleation process to be uniform throughout the
entire solution, a condition that is difficult to achieve in rapid reductions. This
has an effect upon reproducibility and scale up of the process. To avoid this,it is
favourable to use systems in which the electron transfer is inhibited when the
reactant species are brought into contact, but can be induced by changing the
conditions (e.g. pH, temperature, etc) after the systems is already homogenised.
For example the solvent used to dissolve the metal salts will become the reducing
L 24agent on changing the conditions. Wang ef al.“ used Fe304 NPs as seeding
materials for the reduction of gold precursors to synthesise gold coated Fe30,4
NPs (Fe304@Au).
1.4.3 Decomposition and reduction
There is great interest in alloy magnetic NPs due to their magnetic
properties such as high saturation magnetisation'™* and their resistance against
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oxidation. Alloy magnetic NPs can be produced from the thermal decomposition
of a single polynuclear carbonyl clusters (for further details see Chapter 5) or
from the reaction of two separate precursors'”*'7*'8%'4° Tn the latter methodit
is possible to control the size shape and composition of these alloy NPs by
controlling the initial concentration of the precursors in the solution. For example
FePt NPs have been produced from Fe(CO); and Pt(acac)2 in organic solvent'*'.
In this example, the control of shape and composition is a result of two reactions
taking place in rapid succession.Initially Fe(CO); decomposesto give rise to Fe”
atoms. These then serves as the reductant for the Pt”* ions. The standard redox
potentials of Pt’'/Pt® and Fe**/Fe° are 1.2 V and -0.44 V, respectively, which
supports this hypothesis.
Overall it can be said that thermal decomposition offers the best method
for producing magnetic NPs with good control over size, shape and size
distribution. Alternatively, microemulsions can be used, howeverthis can result
in an increase in the polydispersity of the NPs and large volumes of solvent are
required. Hydrothermal reduction is a relatively new technique, which has been
used to synthesise monodisperse magnetic oxide NPs, although it has not been
used to produce metallic particles. Laser pyrolysis of precursor vapour offers the
advantage of“wall-less” production ofNPs with narrow size distribution.
1.5 Protection/stabilisation of nanoparticles for biomedical
applications
The protective coating for NPs can be split into two groups: organic
142-146shells, for example surfactants and polymers or coating with an inorganic
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layer including silica'*’, carbon'*’, noble metals (such as Au, Pt and Ag)'*?!?
and oxides formed by mild oxidation of the surface of the NPs or additionally
'3" An alternative method to prevent or minimisedeposited, such as Y203
aggregation and oxidation of magnetic NPs is to embed or disperse them into a
dense matrix, usually a polymer, silica or carbon, to form composites. However
this method fixes the particles in space relative to each other, which is often not
desired.
1.5.1 Biofunctionalisation
Asalready mentioned, the protective layer on a magnetic nanoparticle
can be used as a platform for the functionalisation of the particles with biological
components such as various drugs, nucleic acids, antibodies and enzymes(Figure
1.9). Once functionalised, the magnetic core then allows the easy separation and
specific placement of the NPs by meansof an external magnetic field.
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Figure 1.9. Schematic of the functionalisation of magnetic NPs with various
biological components.
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The functionalisation of magnetic NPs can be achieved by anchoring
biotin ligands to the surface of the nanoparticle via their carboxylic acid groups.
However, biotin is practically insoluble in water, so it is necessary to anchor a
water soluble co-ligand to the surface of the nanoparticle, such as bipyridinium
carboxylic acid'**. These functionalised NPs have been used for affinity isolation
of fluorescein labelled avidin. Similarly, dopamine can be boundto the surface of
iron oxide NPs, which can then act as an anchorto further attach nitrilotriacetic
acid molecules’. The composite material has been found to show very high
specificity for protein separation as well as having goodstability in both high
temperature and high salt concentrations. Other functional groups such as —
OH, —SH, and —NH> can be used as anchor sites onto the surface of magnetic
NPs. For example the amino groupsofthe antibiotic vancomycin have been used
to attach the drug onto FePt NPsfor the detection of enterococci and other Gram-
°° Immunoglobulins can also be immobilised onto apositive bacteria’
nanoparticle surface via an ester bond and used for a variety of purposes'’. The
surface of a magnetic nanoparticle also can be modified so that an antibody can
bind to the surface. For example polyethylene glycol (PEG)-COOH or JN-5-
azido-2-nitrobenzoyl groups will react with amino groups of an antibody
molecule, while 2-pyridyldisuphide or maleimide groups can react with
sulphhydryl-modified antibodies’*®. The introduction of PEG molecules (and
other natural polymers such as dextrans and protein/peptides) as linkers can
benefit in vivo application of magnetic NPs since these molecules are non-
immunogenic, non-antigenic and protein resistant and can increase the half —life
of the NPsin the blood stream.
30
1.5.2 Organic coatings
1.5.2.1 Surfactant and Polymercoating
Generally, surfactants and polymers can be chemically bound or
physically adsorbed onto a magnetic nanoparticle surface, forming a single or a
double layer'*” '°. Steric repulsion forces arising from this layer balances the
magnetic and van der Waals forces acting on the NPs, thus stabilising them in
'6! A commonly usedstabilising ligand for magnetic NPsis oleic acidsolution
([Z]-octadec-9-enoic acid). During synthesis, the terminal carboxylic acid group
binds strongly to the surface of newly formed Co and iron oxide NPs and by
controlling the concentration of oleic acid in the reaction mixture it is possible to
control the nanoparticle diameter. While oleic acid provides excellent stability in
organic solution, it is hydrophobic and therefore unsuitable for use in aqueous
solution and needsto be replaced or modified if the NPs are to be used in biomedical
applications.
A variety of hydrophilic ligands have been used to stabilise magnetic NPs in
aqueous solution such as dextran'®, dodecylamide!® and w-hydroxycarboxylates'™
as well as a wide variety of polymers and co-polymers, many of which contain
functional groups such as carboxylic acids, phosphates and sulphates. Certain
biocompatible polymers have been used to modify magnetic NPs for use as
magnetic field directed drug targeting and in MRI contrast enhancement!®'®°. In
most cases carrying out a polymerisation reaction on the surface of the magnetic
'®” synthesised 80 nmNPs forms the polymer layer. For example, Dresco et a
Fe30y,particles using a reverse micelle method and subsequently added water, the
monomers, a cross linker and an initiator to the reaction mixture to produce
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polymer coated NPs. In a similar way, polyaniline was used to coat Fe304 NPs by
oxidative polymerisation using ammonium peroxodisulphate as the oxidant!®,
Howeverthis method tended to produce polydisperse particles in the 20 — 30 nm
range. Using atom transfer radical polymerisation, Vestal and Zhang’ have
coated 15 nm MnFe204 NPs with polystyrene. An alternative approach is to use
pre-formed synthetic polymers as a matrix to confine and control the formation
of magnetic cores. The physical properties of the polymers can also be retained
once they are bound to the nanoparticle surface (Figure 1.10)'”". This will be
discussed in greater depth in Chapter2.
While silica has been found to be a relatively simple way to coat NPs, it
is also known that it is unstable under basic conditions and contains pores
through which oxygen and other species can diffuse. Therefore recent studies
have focused on carbon protected systems, which have the advantage of much
higher chemical and thermalstability as well as good biocompatibility!”
One step synthesis Aqueousdispersion Reversible aggregation
organic solvent ; .
     186°C ve a
Organic soluble Hydrophilic Hydrophobic
polymer- polymer- polymer-
chain extended chain extended chain collapsed
Figure 1.10. Polymers used as stabilising ligands can retain their physical
properties.
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1.5.2.2 Carbon coating
Graphitised carbon structures such as nanoonions and nanotubes can be
formed bylaser ablation, arc discharge and electronirradiation in the presence of
metallic NPs'’'”, The carbon coating protects the metal core from oxidation
and acid erosion and because they are metal core (as opposed to metal oxides)
161 Air stable, carbon coated,they have a relatively high magnetic susceptibility
Co NPs were synthesised using a sonochemical method!’°, However, while the
particles produced were highly stable, they were rather polydisperse. Carbon
coated Fe and Fe3C, which were stable up to 400 °C have been produced by the
direct pyrolysis of iron stearate in an inert atmosphere at 900 °c!’®. This single-
step process has good potential to be scaled up, but again the particles obtained
are polydisperse (20 to 200 nm) with the cores coated with between 20 and 80
graphene layers. Lu ef al. achieved better control over size distribution when
synthesising 11 nm Co NPs'“*. The Co particles were coated with furfuryl
alcohol that is firstly converted to poly(furfuryl alcohol) then carbonised to
carbon during the pyrolysis step. These NPs were found to be stable against air
oxidation and erosion by acids or bases. Similar methods, using polymers as the
carbon source, have produced carbon coated Co NPs that are air stable for
approximately one year!””'7%.
Carbon coated NPs have several advantages, however the particles
obtained are often agglomerated clusters and the synthesis of dispersible carbon
coated NPsin an isolated form still remains a challenge to be overcome.
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1.5.3 Inorganic coatings
1.5.3.1 Noble metal coating
A pure metal core can be protected from oxidation by depositing a layer
of noble metal, such as gold, on the nanoparticle surface. Not only does gold
protect reactive metallic cores from oxidation, but also the gold surface can be a
versatile platform for the functionalisation of the NPs because of the very well
studied thiol chemistry of gold NPs. For example, Lee ef al’> coated 6.5 nm Co
NPs with a Au shell. This was achieved by heating the Co particles in 1,2-
dichlorobenzene, under reflux, with [(CgHj7)4N][AuCl] containing
triocylphosphine (TOP) asa stabiliser. A by-product of the reaction was analysed
and found to be CoCh, indicating the core-shell structure was formed by a
process of redox transmetallation between Co” and Au*’. A similar process led to
the formation of gold-coated iron NPs that are stable under neutral and acidic
aqueous conditions!” FeCl, dissolved in N-methyl-2-pyrrolidinone (NMP), was
reduced by sodium to form the metallic core with benzylpyridine as the capping
ligand. The gold layer was deposited by the addition of HAuCly, also dissolved
in NMP.This type of core-shell nanoparticle can also be prepared by a reverse
microemulsion method. The inverse micelles were formed with CTAB as the
surfactant, 1-butanol as a co-surfactant and octane as the continuous oil phase.
FeSO, was then reduced using NaBH, followed by the addition of HAuCl, to
coat the iron particles'*°. Cobalt NPs have also been coated with gold by a
chemical reduction method. The Co particles were synthesised using 3-(N,N-
dimethyldodecylammonio)propanesulphonate as the stabiliser and lithium
triethylhydridoborate as the reducing agent. Using ultrasonication and an inert
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atmosphere, a solution of KAuCl, in THF was used to form the gold shell via
reduction of the Au®’ ions on the Co nanoparticle surface'®”,
1.5.3.2 Other coatings
1.5.3.2.1 Oxide layer by mild oxidation of the core
The surfaces of magnetic NPs can be passivated by controlled oxidation
181L.of the pure metal core. For example Peng ef a used a plasma-gas
condensation type cluster deposition apparatus to oxidise gas phase NPs and
pe Alternatively, aoxygen plasma has been used to produce air stable Co NPs
stable CoO layer was formed on synthesised Co NPs using synthetic air”. This
layer was foundto stabilise the cobalt NPs from further oxidation. Control of the
oxide layer is an important factor in exchange-biased systems, as these systems
require a well-defined thickness of the ferromagnetic core and antiferromagnetic
oxide layer!®!.
1.5.3.2.2 Silica coating
Silica coatings can impart good stability on magnetic NPs in aqueous
conditions and also have the advantages of simple surface modification and easy
control over inter-particle interactions by variation of the shell thickness'®’. A
silica layer avoids direct contact between the magnetic core and any additional
agents bound to the silica surface, therefore preventing any undesirable
interactions. The modification of the silica surface can introduce
functionalisation of the magnetic NPs that facilitates their potential use in
applications such as biolabelling and targeted drug delivery’.
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Using the sol-gel method with ammonia and tetraethoxysilane (TEOS) in
water, Lu et al.'®*4 have coated the commercially available ferrofluid, EMG 340,
with a silica shell. Varying the amount of TEOSin the solution can control the
shell thickness. The silica readily bound to the iron oxide due the presence of
hydroxyl groups on the particle surface and the negative charge of the silica
meant the NPs could easily be dispersed in water, without the use of additional
ligands. The iron oxide core, once coated with a mesoporoussilica shell can then
be reduced to metallic iron, for example, by using hydrogen® 8°18°,
Achieving a homogeneous silica shell, with controlled thickness,
however, still remains a challenge. Recent research has focused on using a
reverse microemulsion method in an attemptrealise this'®’, Using this technique,
Yi et al.'®* have produceduniform silica coated iron oxide NPs with a controlled
thickness between 1.8 and 30 nm. Elsewhere, Tartaj and Serna'®° have also used
a reverse microemulsion to embed iron oxide NPsinto silica. The iron oxide was
then reduced to a-Fe NPs with hydrogen at 450 °C. Similar techniques have also
been usedto coat spinel ferrite NPs of CoFe2O4 and MnFe,0,!””.
The lack of OH groups on the surface of metallic NPs makes coating
them with silica more difficult than metal oxides. However, Kobayashief al.'*”
used 3-aminopropyltrimethoxysilane and TEOSas the silica precursors to coat
amorphous Co NPs in an aqueous ethanolic solution. Another problem arises
from the ease at which iron and cobalt are oxidised by dissolved oxygen.
Applying a method used on precious metals'”’, it may be possible to overcome
this by use of a primer to makethe surface vitreophilic (glasslike)'”’.
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1.5.3.2.3 Matrix Dispersed Magnetic Nanoparticles
There is a variety of methods that can be used to produce matrix
dispersed magnetic NPs: they can be dispersed in a continuous matrix, the
coating of anotherlarger particle, or in the form of aggregates of single particles,
which are connected via their coating. The last method is particularly useful if
isolated particles are not required, they can then be embedded in a matrix, which
will stabilise them and proved protection against oxidation!”’.
Stoeva ef al.'” synthesised magnetic NPsthat consisted ofa silica core,
with Fe304 and gold as inner and outer shells, respectively. The silica particles
were used as templates upon which 15 nm Fe304, NPs were bound. These
composites were then coated with 1 — 3 nm gold nanoparticle seed, which act as
nucleation sites in the subsequent reduction of HAuCl, to form a continuous gold
layer around thesilica/Fe3O4 particle. The gold layer proved a platform for the
functionalisation of the NPs, whilst maintaining good magnetic properties. A
mixture of magnetic NPs and quantum dots has been dispersed in a silica matrix
by a reverse microemulsion method!”The 11.8 nm y-Fe2O3 and 3.5 nm CdSe
NPs where synthesised separately and dispersed in cyclohexane. The solutions
were introduced into the reverse micelles followed by ammonium hydroxide.
Finally TEOS was added and left to react to completion. The composite NPs
obtained retained both magnetic and optical properties of the components and
could be redispersed in water and ethanol, however these solutions were not
entirely homogeneous.
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1.6 Summary
Magnetic NPs have variety of potential biomedical applications’? and
can be produced by a range of synthetic methods. In general, each of the
applications requires particular properties of the magnetic NPs such as high
magnetic susceptibility’* or very small diameter’”. The synthesis method of
choice can help control these properties’. The biocompatibility and stability of
magnetic NPs can be controlled by the manipulation of their surface properties’”,
for instance by adding a polymer'”or a carbohydrate’. Surface manipulation is
also vital with regards to the functionalisation of magnetic NPs e.g. the addition
of antibodies'”® or therapeutic agents!”°,
1.7 Objectives of the thesis
As previously mentioned, magnetic NPs need to be stable in aqueous
solution if they are to be used in biomedical applications and in the second
chapter of this thesis, the production of water soluble magnetic NPs using
thermo-responsive polymers as stabilising ligands will be discussed. The
temperature dependent conformational changes in these polymers affect their
hydrophilicity/hydrphobicity'”°. This meansit is possible to use these polymers
in a facile one-step synthesis method to produce water stable magnetic via the
thermal decomposition of organometallic precursors. It would also be
advantageousif the attached polymers wereto retain their amphiphilic properties
and therefore the response of the polymer coated NPs to external stimuli is also
investigated.
Many ofthe applications in which magnetic NPs can be used require NPs
with specific properties, for example size; therefore it is desirable to develop new
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synthesis methods which can produce required NPs. To this end, Chapter 3
discusses the synthesis of Co NPs produced by the pulsed laser irradiation of
Co2(CO)s in an organic solution containing stabilising ligands. Controlling the
size of the NPS, by changing certain reaction parameters, is of great importance
and could give insight to formation mechanism of the Co NPsusing this method.
Magnetic alloy NPs are an important class of nanoparticle due to their
favourable magnetic properties and resistance to oxidation when compared to
those produced from a single component’, Chapter 4 studies alloy magnetic
NPs synthesised by the thermal decomposition of bimetallic carbonyl clusters.
The use ofa single bimetallic carbonyl cluster can afford better control over the
composition of the synthesised alloy NPs than that achieved when using two or
more precursors'””. It is important that the physical properties of the synthesised
NPs can be controlled. Therefore, the effect of changing synthesis conditions,
such as stabilising ligand concentration, ligand type and reaction temperature on
the characteristic of the NPs is also examined.
Control of the chemical and physical properties of magnetic NPsis easily
achieved when they are synthesised in organic solvent, however, this usually
renders them hydrophobic and unsuitable for certain applications. Chapter 5
looks at the surface modification of synthesised NPs in an attempt to increase
their water solubility and proved a platform for functionalisation. For use
biomedical applications, magnetic NPs must be stable in physiological
conditions, thus studies are also carried out into the stability of the modified NPs
in aqueouselectrolyte solution and across a wide pH range. The methods and
materials can be found in Chapter 6.
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Chapter 2
Onestep synthesis of water soluble magnetic
nanoparticles using thermo-responsive polymers
40
2.1 Aims and objectives
It is the aim of this chapter to synthesise water soluble magnetic Co and
iron oxide NPs using a facile one-step method. This will be achieved by the
thermal decomposition of Co2(CO)x and Fe(CO)s, respectively, in organic solvent
containing thermo-responsive polymers (Scheme 2.1). At room temperature the
polymers are water soluble, howeveras the temperature increases they undergo a
conformational change which results in them becoming hydrophobic. This
feature can be exploited so that in hot organic solvent, the polymer helps to form
discrete NPs during the decomposition of the precursor and, once cooled to room
temperature, stabilise the NPs in aqueoussolution. The stabilising effect of these
polymers will be assessed across a wide pH range andin electrolyte solutions of
increasing concentration. The response of the polymer coating to changes in
temperature will also be studied.
Polymer
Co,(CO), ———> 2Co + 8CO
heat
Scheme 2.1. Synthesis of thermo-responsive polymer coated Co NPs
2.2 Introduction
As mentioned in Section 1.3 magnetic NPs have several potential in vivo
29.30 and hyperthermiaapplications in areas such as MRI’*, targeted drug delivery
treatment of solid tumours!*. In these applications, it is necessary that the
particles are superparamagnetic, as opposed to ferromagnetic, so that they do not
aggregate upon removal of a magnetic field’? '8. At room temperature,
superparamagnetism is usually achieved for NPs with a size of approximately 10
4]
nm or less. Due to their very small size, surface effects may play an important
role in determining the magnetic properties of the particles and so NP synthesis
mustbe both reliable and predictable.
The most common way to produce well-defined NPs is to tailor the
surface properties of the particles, often by coating or encapsulating them in a
shell of a particular material'’. This coating and encapsulation can also protect
14, 20. . 6 -the core from extraneous chemical and physical changes” . Various
substances have been used to form the protective shell of NPs such assilica’,
22, 23 24, 25polymer’, peptide and noble metals
Furthermore, modification of the surface properties is particularly
important when considering in vivo applications to ensure that particles are
biocompatible*, non-toxic and stable to the reticulo-endothelial system, the
body’s major defence mechanism’. Particles possessing a hydrophobic surface
are readily coated with plasma components in the blood stream and are,
therefore, easily removed from the circulation’®, while more hydrophilic particles
can resist coating and are cleared much more slowly”. Many common
hydrophilic coatings used on NPs include derivatives of dextran’’, polyethylene
198lycol'*°, polyethylene oxide!”*, poloxamers”® and polyoxamines”®. The densegly Pp p
brushes of polymers can inhibit the opsonisation (the process that causes foreign
bodies to be recognised by the body’s reticulo-endothelial system) of the
particles, thereby increasing their circulation time’.
A major problem is the stability of magnetic NPs in aqueous solution.
Current solutions are the synthesis NPs either in situ with a suitable stabilising
170ligand (one-step method)’ or a two-step method using ligand exchange”. In
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the latter method, the NPs are synthesised in organic solvent, via pyrolysis of
organometallic compounds, to produce monodisperse particles. Then, in the
second step, the NPs are transferred to aqueous solution by using a process of
ligand exchange. This method is discussed further in Chapter 5. The one-step
synthesis method can be regarded as simpler than the ligand exchange method,
although, whencarried out in aqueous solution, it is more difficult to control the
particle size as well as the dispersity. In another approach, thermo-responsive
polymers have been used to coat NPs using a multi-step method whereby
monomers are adsorbed onto a preformed nanoparticle surface and the polymer
brushes are then grownvia a polymerisation reaction?’7",
Using thermo-responsive polymers as stabilising ligands it may be
possible to synthesise monodisperse magnetic NPs, in a single step, using the
thermal decomposition of organometallic compounds in organic solvent. The
thermo-responsive polymers are based on poly(N-isopropyl-co-t-
butylacrylamide) containing a thiol ether group and a terminal carboxylic acid,
for attachment to the nanoparticle surface (the general structure is shown in
Figure 2.1). In water these polymers undergo a sharp coil-to-globule transition
change at a Lowest Critical Solution Temperature (LCST)'®®. The coil-to-globule
transition means a polymeris water soluble and hydrophilic below the LCST and
hydrophobic above it (and thus soluble in organic solvent). Therefore, the
polymer is dissolved in hot solvent, facilitating the nanoparticle synthesis by
thermal decomposition. Upon cooling the nanoparticle suspension below the
LCST,the organic solvent can be removed and replaced with water. Using these
polymers, it could be possible to synthesise water soluble magnetic NPs with
narrow size distribution and goodstability.
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Figure 2.1 The general structure of poly(N-isopropyl-co-t-butylacrylamide)
2.3 Mechanism of thermo-responsive polymer formation
The thermo-responsive polymers were formed by free radical
polymerisation mechanism,as depicted in Figure 2.2. In this mechanism the free
radical initiator is broken down into two radicals by mild heating. The radicalis
transferred to the thiol group of 3-mercaptopropanoic acid (3-MPA)(initiation).
The 3-MPAradical attacks the double bond of the monomerandthe radicalised
monomerreacts with another monomer molecule and the subsequent repetition
creates the polymer chain (propagation). The polymerisation is terminated by
chain disproportionation where two radicals meet and exchange a hydrogen atom
which gives a saturated polymerchain.
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Figure 2.2. Proposed mcohanism for the free radical polymerisation of thio-ether
carboxylic acid terminated poly(alkylacrylamide) polymers.
2.4 Results and Discussion
2.4.1 Size of the thermo-responsive polymer coated magnetic
nanoparticles
A series of polymers were synthesised and used to coat magnetic
nanoparticles in an attempt to produce waterstable colloidal suspensionsofthese
nanoparticles. By varying the polymer synthesis conditions, it was possible to
produce polymers with different molecular weight (Mw) and LCSTs. From this
series, polymer P1 (Mw = 6800, LCST = 23.5 °C) was found to produce the most
stable and monodisperse Co nanoparticles and polymer P2 (Mw = 10 000, LCST
= 28 °C) was mostsuitable for y-Fe2O3 nanoparticles (The general structure for
both polymers is shown in Figure 2.1 and the synthesis of these polymers is
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described in Section 6.2). Elemental analysis of the synthesised NPs indicated
that the polymers where boundtheir surface (Table 2.1).
Table 2.1. Results of the elemental analysis of the polymer coated Co and y-
Fe.03 NPs. The remainderofthe weight is assumed to be due to oxygen
 Polymercoated Polymercoated
Co NPs y-Fe.03 NPs
Element Yw/w % wiw
C 38.34 38.415
H 7Al 7.635
N 7.16 7.88
S 0.2 0.14
Fe - 29.32
Co 36.28 -
 
From the TEM images depicted in Figure 2.3 it can be seen that the
polymer coated Co and y-Fe2O3 NPs have a mean diameter of 7 + 1 nm and 8 + 1
nm, respectively. In addition, dynamic light scattering found the hydrodynamic
diameters of the polymer coated Co and y-Fe2O03 NPsto be 17.4 nm and 23.7 nm,
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Figure 2.3. TEM imagesandsize distributions of (a) 7 nm Co and (b) 8 nm y-
Fe,03 nanoparticles coated with polymers P1 and P2, respectively. Bar 100 nm.
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respectively, (Figure 2.4), supporting the elemental analysis data which suggests
the presence of the polymers on the nanoparticle surface, which bind via the
carboxylic acid group. Furthermore the smaller diameter of the P1 coated Co
NPsis consistent with this polymer having a lower molecular weight than P2 and
is therefore shorter.
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Figure 2.4 Hydrodynamic diameters of (A) P1 coated Co NPs and (B) P2 coated
y-Fe203 NPs as measured by dynamic light scattering. The smaller diameter of
the P1 coated NPs (A) compared to the P2 coated y-Fe203 NPs (B) is due to the
lower molecular weight of polymer P1, which is therefore shorter (and the
slightly smaller Co NPs). The three traces represent three measurements made on
the same sample.
The different reaction conditions used to synthesise the polymer coated
Co and y-Fe.03 NPs may account for why they are stabilised by different
polymers. The Co NPsare synthesised in DCBat 180 °C, while the y-Fe203 NPs
are made in dioctyl ether at 286 °C. Two different mechanisms have been
suggested to explain the formation of polymer-coated NPs. In the ‘polymer
capping’ model” the polymer chains adsorb onto the growing particle and
form a layer that can inhibit any further growth. The other mechanism suggested
by Tannenbaum ef al.*” involves a combination of the capping mechanism and
particle formation kinetics. In this model, the formation of the particles is
affected by the surface tension between the particle and the polymersolution as
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well as the energy involved in the particle formation. The formeris sensitive to
chemical interaction between the particle and the solvent and the layer in contact
with the cluster is composed of both solvent and polymer. The latter represents
the energy gain associated with metal atoms aggregating into nuclei compared to
their distribution in solution and is thus relatively insensitive to a specific
system”,
2.4.2 Magnetic properties of the thermo-responsive polymer coated
magnetic nanoparticles
All of the synthesised particles are superparamagnetic at room
temperatpye as indicated by the closed hysteresis ISops seen in Figure 2.5b. The
zero-field-cooled and field-cooled magnetisation curves of the Co and y-Fe203
nanoparticles are shown in Figure 2.5a and indicate that the Co nanoparticles
have very low blocking temperature of approximately 6 K, whereas it is
approximately 92 K for the y-Fe2O3 nanoparticles. The higher blocking
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Figure 2.5. Zero-field cooled (symbols) and field cooled (lines) magnetization of
the polymer coated Co and y-Fe203 NPsas a function of temperature (a). The
abscissa on the left is the magnetic moment measured for the P1 coated Co
nanoparticles, and the abscissa on the right is the magnetic moment measured for
the P2 coated y-Fe2O3 nanoparticles. 7; for Co and y-Fe203 nanoparticles is 6 K
and 92 K respectively. The magnetization of the polymer coated Co and y-Fe203
as a function of magnetic field at room temperature (b) show closed hysteresis
loops at room temperature, indicating the NPs are superparamagentic at this
temperature.
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temperature observed in the y-Fe2O3 nanoparticles is probably due to the
contribution of different sources of anisotropy (e.g. surface anisotropy) that are
not present in the Co NPs.
2.4.3 Stability of the thermo-responsive polymer coated magnetic in
aqueoussolution
The surface charge of nanoparticles is an important factor determining the
stability of nanoparticles in a suspension. Surface charge can be measuredvia the
C-potential of the nanoparticle, where a higher value for C-potential (and thus
surface charge) indicates that the nanoparticles are more electrostatically
repulsive to each other, making them morestable in a suspension. The C-potential
of the thermo-responsive polymer coated Co and y-Fe2O3 nanoparticles was
measured over a wide range of pH, the results of which are shown in Table 2.2.
At pH 1 the C-potential for the Co nanoparticles was found to be 22 mV and 14
mV for the y-Fe.O3 nanoparticles. As the pH increased the C-potential became
more negative to reach a value of -21 mV for the Co nanoparticles and -45 mV
Table 2.2. The effect of pH on the C-potential of the thermo-responsive polymer
coated Co and y-Fe203 NPs.
 
C-potential of  C-potential ofpH CoNPs(mV) y-Fe;O3 NPs (mV)
i 243 1423
4 8 +3 548
6 642 2142
9 -1144 -31+47
11 -21+3 -45 +43
 The results are the mean value and standard deviation of three separate
experiments.
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for the y-Fe2O3 nanoparticles pH 11. At neutral pH the C-potential was found, by
extrapolation, to be approximately -5 mV and —24 mVfor the Co and y-Fe203
nanoparticles, respectively.
The dependence of the C-potential upon pH may be result of surface
ionisation of the nanoparticles, although the loss of protons from terminal
carboxylic groups in increasingly basic conditions may have a contributory
effect, resulting in an overall increase in negative charge on the outer shell of the
particles. It was observed that regardless of C-potential, the NPs remained stable
in aqueousdispersions across a wide pH range, suggesting the polymershell has
a goodstabilising effect upon the nanoparticles.
Thestability of the thermo-responsive coated magnetic NPsin electrolyte
solution was studied by increasing the NaCl concentration of a nanoparticle
dispersion in 10 mM phosphate buffer solution. The results are depicted in
Figure 2.6 and it can be seen that both the Co and y-Fe203 NPsare stable up to
0.3 M NaCl (normal physiological NaCl concentration is approximately 0.15 M).
This suggests that the polymer coating had a chargestabilising effect upon the
NPs. Up to 0.3 M NaCl the NPsare electrostatically repulsed from one another,
however above this concentration the degree of electrostatic screening
overcomesthis repulsion and the NPsare ‘salted out’.
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 Figure 2.6. Effectof increasing NaClconcentration on the thermo-responsive
polymer P1 coated Co(a) and polymer P2 coated y-Fe203 NPs.
2.4.4 Effect of temperature on the stability of the thermo-responsive
polymer coated magnetic
The stability of the nanoparticles in water and phosphate buffer solution
(PBS) over a range of temperatures was studied and, as an example, the results
for y-Fe.03 nanoparticles are presented in Figure 2.7. The y-FezO3 NPs were
stable up to 37 °C in both water and PBS, while the Co nanoparticles precipitated
above 37 °C in PBS and 25 °C in water. The LCST of polymers P1 and P2is 23.5
°C and 28 °C, respectively, in both water and PBS,and the differences between
these and the precipitation temperatures may be due to the energy gain associated
with the interactions of polymer chains adsorbing onto the nanoparticle surface
compared to polymer-solution interactions. Also, at pH 7.4, both the Co and y-
Fe.O3 nanoparticles are negatively charged, thus the nanoparticles acquire a
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degree of charge-stabilisation that will partially offset the hydrophobic polymer
interactions, raising the overall aggregation temperature to above that of the
polymer LCST. The adsorption of thermo-responsive polymer chains to the
nanoparticle surface would be expected to lower their LCST by reducing the
degrees of freedom of the polymer chain and promoting neighbouring chain
interactions. However, it is likely that some of the polymer chains have been
surface-entrapped, potentially with the terminal carboxyl group free. As a
consequence, charge repulsion from carboxyl ions exposed in ‘loops’ from the
surface and anionic nanoparticles would broaden and raise the LCST, as
observedby Larssonet al.*”.
20°c |, 25°c 30°C 37°C 45°C | 50°C |
 
Figure2.7. Theeffect of temperature upon thestability in water and PBS of t
y-Fe2O3 NPs. The NPsare stable up to 37 °C in water and in PBS. At 45 °C and
above, precipitation of the NPsis apparent.
When compared to the poly(N-isopropylacrylamide) brushes reported by
21. 06, 207Yim et a the polymer chains adsorbed onto the magnetic nanoparticles
were likely to extend no more than a few nanometresinto the solution, however,
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this still represented a substantial ‘corona’ compared to the diameters of the
nanoparticles. Therefore, at the physiological pH 7.4, it is possible that a
combination of charge andsteric shielding afforded by the polymer chains could
increase the stability below 37 °C (or 25 °C for Co nanoparticles in water), but
would not be enough to prevent particle aggregation above this temperature, due
to collapse of the attached polymer chains.
In all cases the process was observed to be reversible, in that, upon
cooling below these temperatures, the nanoparticles can be redispersed. The
reversible aggregation of the nanoparticles is a consequence of the temperature
sensitive phase transition of the polymer coating. As the temperature increases,
the polymer brush changes conformation, resulting in the collapse of the polymer
coil. This allows the nanoparticles to flocculate. Upon cooling the polymercoilis
re-established causing the particles to disaggregate (Figure 2.8). The
swelling/deswelling or ‘smart’ behaviour of the polymer in response to external
stimuli suggests that thermal responsive coated magnetic nanoparticles would be
favourable for nucleic acid adsorption”®’, drug release*’> and biomolecular
conjugates”. Furthermore, polymer coated magnetic nanoparticles can be
exploited for use in a therapeutic application by binding therapeutic agents to the
polymer (e.g. anionic DNA?'? or hydrophobic anti-cancer drugs”''). The
magnetic nanoparticles can then be targeted to a specific site by using a magnetic
field as well as changing the temperature to control the release of the therapeutic
agent.
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Figure 2.8. Schematic diagram of the effect of temperature upon extension and
collapse of the pendant polymer chains on the nanoparticle surface. (Polymers
and NPs not drawnto scale).
2.5 Conclusion
Magnetic NPs were synthesised, using a facile one-step method, which
consisted of a Co or y-Fe203 core and shell of thermo-responsive polymer.
Elemental analysis and dynamic light scattering of the NPs suggested the
presence of the polymer chains on the nanoparticle surface. The synthesised NPs
were found to be superparamagnetic at room temperature meaning they are not
magnetically attracted to each other. This is an important consideration for
biomedical applications, as agglomeration of NPs in vivo can lead to embolism
and blood vessel damage. The polymer coating allowed the NPsto be transferred
to aqueous solution where the polymerstabilised the nanoparticle dispersions.
The dispersions were also found to be stable across a wide pH range and in
electrolyte solution up to 0.3 M NaCl, which suggests that the polymers also
impart a degree of charge stability on the NPs. The temperature dependent,
reversible agglomeration of the NPs would suggest that the thermo-responsive
nature of the polymers was retained after they became adsorbed onto the
nanoparticle surface. The reversible responses of the polymers to external stimuli
can be exploited for use as therapeutic delivery agents as well as a variety of
biomedical applications.
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In order to produce monodisperse NPs with a variety of size and shape
using this method several parameters need to be investigated. The following
chapters will look at novel synthesis methods for producing magnetic NPs with a
range of sizes and waysof dispersing them in aqueoussolution
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Chapter 3
Magnetic nanoparticles synthesised by pulsed laser
irradiation of cobalt carbonyl
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3.1 Aims and objectives
The diversity of potential applications of magnetic NPs requires the
production ofNPs with tailored properties, such as size. The development of new
synthesis techniques is therefore of great importance. In this chapter a novel
synthesis method for producing Co NPsis described. The key innovation is the
use of pulsed laser irradiation, at wavelengths of 266 nm and 355 nm, to
decompose Co2(CO)g in an organic solvent (DCB) containing stabilising ligands
(OA and TOPO). It is important to be able to control the properties of the
synthesised NPs, for example, by effect of changing the reaction conditions.
Thus the effect of changing the ligand concentration and the wavelength oflight
used will also be investigated, which mayalso give an insight to the formation
mechanism of the NPs.
OA & TOPOCo2(CO)g —? 2Co + 8CO
Vv
Scheme 3.1. Synthesis of Co NPsby pulsedlaserirradiation
3.2 Introduction
As discussed in Section 1.3 magnetic NPs have many potential
biomedical applications. For use in these applications the magnetic NPs need to
be biocompatible and biodegradable, and hence iron oxide NPs have been
developed for these purposes. However, one drawback of using iron oxide is the
need for relatively large NPs due to their comparatively low magnetic
susceptibility” '2The use of larger NPscan result in the increased chance causing
an embolism and damage to blood vessels”. It is therefore desirable to use NPs
with improved magnetic properties such as Co, so that smaller NPs can be used.
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The main disadvantage of using Co in biomedical applications is its toxicity.
However, this may be overcome by the use of NPs with a diameter of less than 8
nm. This is because NPsat this diameter are capable of glomerularfiltration and
can therefore be rapidly cleared from the body'®*. The renal clearance of metallic
NPs is enhanced if they have a cationic or zwitterionic surface charge!”. The
surface of Co NPs can be modified post-synthesis by ligand exchange techniques
that will also solubilise them foruse in biological systems'””.
Several methods have been developed for the synthesis of magnetic NPs
including thermal decomposition of organometallic compounds such as dicobalt
octacarbonyl [Co2(CO)g] at high temperature in organic solvent and the presence
of suitable stabilisers® 7°. Cobalt NPs have also been synthesised that are coated
with hydrophilic polymers or peptides as ligands, which allows the NPs to be
dispersed in aqueous solution® '?'7°. Another method to synthesise Co NPsis
to use a laser to induce the decomposition of Co2(CO)g vapour produced by the
evaporation of the precursor'’°. This laser evaporation method has been used to
produce a variety of nanosized materials such as FeCo alloy and silica coated
iron oxide NPs!!”"''?. Ultra-violet irradiation of a cobalt (II) acetate solution has
also been used to synthesise Co NPs which have certain morphologies depending
upon the experimental parameters’”’. For any particular application there is an
optimal size of NPs. For instance, biomedical applications require NPs with a
size comparable to bio-molecules®’ and indeed, very small NPs are desirable for
labelling cellular organelles. Jn vivo, very small NPs are also more rapidly
transported across the endothelium, thereby having shortercirculation time than
larger NPs!”>. It may also be easier to get a large number of smaller NPsinto a
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cell than a small number of larger NPs but with the overall mass of magnetic
material being the same.
In a novel approach for the synthesis of the NPs less than 5 nm in
diameter, laser pulses were used to stimulate the rapid decomposition of cobalt
carbonyl in a solution of stabilisers. While Co NPs are very sensitive to air
oxidation, especially at such a small size, this system was chosen becauseoftheir
high saturation magnetisation and strong response to an external magnetic field
and it may be possible that this technique can be used for the synthesis of more
stable NPs, for example, those made of an FeCoalloy.
3.3 Results and Discussion
3.3.1 Size of Co nanoparticles produced by laser pyrolysis
Details of the synthesis can be found in Section 6.4. Cobalt NPs, with a
mean diameter of 2.8 + 0.5 nm were synthesized by irradiating a solution of
Co2(CO)g and stabilizing ligands (OA, 0.04 M and TOPO,0.02 M) in DCB with
laser pulses at a wavelength of 266 nm (Figure 3.la). Low mass-thickness
contrast of Co NPs dueto their small size and lower electron density compared
with common Au NPs, means the Co NPs do not appear very dark in the TEM
image. Reversing the concentration of the ligands (OA, 0.02 M and TOPO, 0.04
M) whilst maintaining the same precursor concentration, producedstatistically
significantly (t-test, P = 0.02) larger NPs with a mean diameter of 3.7 + 0.6 nm
(Figure 3.1b). The lower OA concentration means the growing NPs are
encapsulated at a slower rate which results in them having a larger diameter’.
The stabilizing ligands form a corona onthe surface of the NPs, generating steric
59
repulsion, which can prevent aggregation of the NPs due to Van der Waals
forces. The ligands can also, to a certain degree, protect the NPs from oxidation.
The size of our NPs is comparable with the Co NPs synthesized using laser
induced pyrolysis of Co2(CO)g vapour by Zhao ef al.''°, however, upon
annealing in a reducing atmosphere, the latter NPs coalesced to form muchlarger
particles.
100
 
     
   
50 d=2.8nm
8d =0.5 nm
n= 20260
LUL
U
L
n
40  
       
    
20Nu
mb
er
of
par
tic
les
o 1 2 3 4 5 6 7 8 9 10
80
U
M
M
A60
   Yi—
—
—
—
_
YY40 YY   
20
Nu
mb
er
of
par
tic
les
WY
ME
EE
EL
.
  BGG Gso 1 2 3 4 6 7 8 9 10
Particle diameter/nm Figure 3.1. TEM image and size distribution of 2.8 nm Co NPs synthesised
using 0.10 M Co2(CO)s, 0.04 M OA and 0.02 M TOPO (a) and 3.7 nm Co NPs
synthesised using 0.10 M Co2(CO)g, 0.02 M OA and 0.04 M TOPO (b) in DCB
by irradiation with laser pulses at 266 nm. d = mean particle diameter, 6d =
standard deviation, n = numberofparticles measured. Bar 100 nm.
Since both Co2(CO)s and DCBabsorb light at 266 nm,it is unclearif the
NPs were formed by chemical photolysis of the precursor or by pyrolysis caused
by localised heating of the solvent. To investigate this, the synthesis was further
carried out using laser pulses at 355 nm while the other reaction conditions were
kept constant. At this wavelength only Co2(CO)s absorbs light, but not DCB.
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Irradiation with laser pulses at this wavelength for 30 min consistently produced
Co NPs with a bimodal distribution (Figure 3.2). These observations are
discussed further in Section 3.5.
    40 d=5.3nm§ 8d = 3.1me n=220a.*aESsz ‘0 2 4 6 8 10 12 14 16 18 20Particle diameter/nm
Figure 3.2 TEM imageandsizedistribution of Co NPs synthesised using 0.10 M
Co2(CO)s, 0.04 M OA and 0.02 M TOPO in DCB byirradiation with laser
pulses at 355 nm. d = mean particle diameter, dd = standard deviation, n =
numberofparticles measured. Bar 100 nm.
3.3.2 Magnetic Properties of Co nanoparticles produced by laser
pyrolysis
The ZFC and FC magnetisation curves of the 2.8 nm Co NPs, synthesised
as above, are plotted in Figure 3.3. These NPs have a very low 7; of
approximately 6 K. The sharp peak in the ZFC curve andthe splitting of the ZFC
and FC curves close to 7, suggest that the Co NPs have a narrow size
distribution, which is consistent with the TEM imagesin Figure 3.1.
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Figure 3.3. ZFC and FC magnetisation curves of the 2.8 nm Co NPs produced
using light at 266 nm, showing a blocking temperature of 6 K.
The ZFC curve of the Co NPs produced at a wavelength of 355 nm has a
peak at around 34 K, and also an upturn at a very low temperature which could
be due to the presence of very small NPs (Figure 3.4). The splitting between the
ZFC and FC data also occurs at a temperature well above the peak at 34 K
because of the contribution of relatively large NPs. This is consistent with the
TEM observations in Figure 3.2, were the Co NPs were found to have a bimodal
distribution.
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Figure 3.4. ZFC and FC magnetisation curves of Co NPs produced byirradiation
of Co2(CO)s: at a wavelength of 355 nm.
3.3.3 Formation mechanism of Co nanoparticles produced by
laser pyrolysis
The UV-visible spectrum of DCB (Figure 3.5) shows strong absorbance
at 266 nm,resulting in a significant temperature jump following absorption of a
short laser pulse, whereas DCB does not absorb light at 355 nm. In contrast,
Co2(CO)s absorbs light at both wavelengths (Figure 3.5); the peak near 266 nm
can be associated with Co2(CO)s in a bridged form and that near 355 nm with
Cox(CO)s in non-bridged form?'* *I>(structures are shown in Figure 3.5).
Irradiation of Co2(CO)s at 266 nm results in the majority of the photolysed
molecules undergoing cobalt-carbonyl bond dissociation producing Co2(CO);,
while at 355 nm the major process is homolysis of the cobalt-cobalt bond,
216resulting in two Co(CO),4 radicals’. Both species may undergo further
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decarbonylation, which ultimately may result in the formation of nuclei followed
by the growth processof the NPs7!”,
1.5-
OcC——Co Co—CoO
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Figure 3.5. UV-visible spectrum of Co2(CO)gs (0.2 M in decane) (dashedline),
DCB(solid line) and decane (dotted line) path length approximately 16 um
From the UV-visible absorbance spectra, the approximate values of the
extinction coefficients of DCB and Co2(CO)s at the relevant wavelengths were
determined. This yielded 60 M7? cm" for DCB at 266 nm?!®, and 1 500 M7 cm’!
and 600 M7?! cm’! for Co2(CO)s at 266 and 355 nm,respectively. Using these
extinction coefficients, it was possible to estimate the fraction of laser pulse
energy absorbed andthus the laser pulse-induced temperature increase inthefirst
layer of the sample. For the conditions used here, and assuming that all of the
absorbed laser pulse energy was rapidly converted to heat, the estimated
temperature increase was approximately 75 + 20 K for excitation at 266 nm,
whereasfor excitation at 355 nm the maximum temperature increase was only in
the order of 5-10 K.
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For excitation at 266 nm, the temperature increase occurs to a depth of
only a few um and the heat is estimated to dissipate in less than 100 us’)?
However, it is possible that this rapid temperature increase and decrease is
sufficient to cause a short burst of nucleation, followed by a slower growth phase
due to rapid diffusion of the sample. Temporal separation of the nucleation and
growth phasesof particle formation is knownto give rise to populations of NPs
0with a narrow size distribution”’. This could explain why at 266 nm,
monodisperse Co NPsare formed.
The averageparticle size is determined by the length of the growth phase,
and thus, by kinetic competition between particle growth and encapsulation of
the NPs by OA and TOPO. The NPs produced by pulsed laser irradiation are
smaller than those produced by conventional thermal decomposition (8-9 nm)
using similar reactant concentrations'°°, where the conditions for growth are
continuous. Kinetic control of the growth phase also explains the different
particle sizes obtained for different ligand concentrations.
Laser pulses at 355 nm penetrate to a larger depth, thus affecting a larger
volume and yielding a smaller temperature increase, which is insufficient to
contribute to the breakdown of Co2(CO)s. This means that at this wavelength
formation of the NPs is a purely photolytic process. This seems to lead to a
longer nucleation phase (possibly limited by the rate of further decarbonylation
after formation of the initial photoproduct, see above) and less separation from
the growth phase, resulting in the formation of NPs with a broader size
221, 222distribution. Cobalt NPs do not have an absorption peak at 355 nm
therefore, the broad size distribution of the NPs obtained at this wavelength is
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unlikely to be a result of annealing, melting or fragmentation of the synthesised
NPs. The X-ray diffraction pattern in Figure 3.6 indicates that the as synthesised
Co NPsare amorphous,since the pattern is featureless. This is not unexpected, as
Co NPsobtainedin similar ways have also been found to be amorphous'*” 223.
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Figure 3.6. XRD pattern of Co NPs synthesised by pulsedlaserirradiation of
Co2(CO)g, at 355 nm,in the presence of 0.04 M OA and 0.02 M TOPO.
3.4 Conclusion
Using a novel method, namely, the decomposition Co2(CO)s, dissolved in
DCB,by pulsedlaserirradiation, it has been possible to synthesise small (<5 nm)
Co NPsin a solution of DCB. Producing Co NPsofthis size is significant for
potential use in biomedical application as their size would allow the rapid renal
clearance from the body, and thus, avoiding the unwanted toxic effects of
prolonged exposure to Co. The size of the NPs could be controlled by adjusting
certain reaction conditions, such as ligand concentration and wavelength of light.
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Adjusting the wavelength of light used to irradiate the precursor also helped to
understand the formation mechanism of the Co NPs using this technique. From
this it was deduced that chemical photolysis of Co2(CO)s can produce Co NPs,
however, Co NPs with a narrow size distribution were only produced when the
pulsedlaserirradiation caused localised heating of the solvent (i.e. at 266 nm).
Using this technique, very small Co NPs can be produced, however, they
are very susceptible to oxidation, which results in a diminishment of their
magnetic properties. This may be overcome by synthesising alloy NPs that are
resistant to oxidation, or by encasing the magnetic NPs with a layer of a noble
metal such as gold. These techniques will be discussed in the next two chapters.
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Chapter 4
Synthesis of magnetic nanoalloys by the thermal
decomposition of bimetallic carbonyl clusters
68
4.1 Aims and objectives
The aim of this chapter is to synthesise a series of alloy magnetic NPs
using the thermal decomposition of bimetallic carbonyl clusters. This is a novel
method of producing alloy NPs, which are usually produced by the
decomposition and /or reduction of two or more precursors where control of the
composition of NPs can prove difficult. Using the thermal decomposition of
bimetallic carbonyl clusters as single source precursors it may be possible to
produce alloy magnetic nanoparticles with well controlled composition. Control
of other characteristics is also very important; therefore, the effect of changes in
the reaction conditions on physical properties of the synthesized nanoparticles is
also explored. This method may also be applied to a wide variety of alloy
compositions. OA & TOPO
[FeCo3(CO),2) tea FeCo3 +12CO
ea
Scheme 4.1. Synthesis of alloy nanoparticles by the thermal decomposition of a
bimetallic carbony] cluster
4.2 Introduction
For use in biomedical applications, NPs need to both biocompatible and
degradable. For this reason, iron oxide NPs can be used, however, these NPs
have a relatively low saturation magnetisation compared to metal NPs, which
requires the use of NPs that are tens of nanometres in diameter”. The use of
larger NPs can be a problem, especially if they aggregate, because of the
potential to cause an embolism and damage to blood vessels”. It is therefore
desirable to use smaller NPs that have enhanced magnetic properties, for
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example those made from pure metals such as Co or Fe and alloys that contain
these metals such as FePt, FeNi or FeCo. However, Co or Fe NPs can be difficult
to obtain due to the sensitivity of these metals to oxidation in the atmosphere,
which diminishes their magnetic properties” *”°. This makes alloy magnetic
NPs(or nanoalloys) of particular interest due to their magnetic properties such as
high saturation magnetisation'** andtheir resistance against oxidation.
Nanoalloys form when two or more metals co-aggregate to produce
compositionally ordered structures, with properties that differ from those of bulk
alloys or NPs ofthe individual components)?2, 226-229 A variety of methods have
been used to synthesise nanoalloys such as co-reduction of mixed metal ions in
230-235 1!23: 124, 197 236-239aqueous solution and polyo , sequential reduction of metal
ions, electrochemical methods™4??4”, radiolysis’?”, microwave plasma
247, 248decomposition*”°, reduction of double complexes and the thermal
139, 225, 249, 250 A “true” nanoalloydecomposition of two or more metal carbonyls
is formed when there is no preferential aggregation of metal atoms into
monometallic areas of the nanoparticle, i.e. there is not any kinetically induced
phase separation of the constituent metal atoms of the nanoalloy'*’. This can
prove difficult when producing nanoalloys from separate sources, such as_ the
decomposition of two or more carbonyl compounds, due to the different
'°7 Other processes, such asdecomposition temperature of the different carbonyls
polyol reduction, have produced nanoalloys such as FeCo and FeNi, however,
controlling the composition of the NPs remains a challenge’’’.
These problems may be overcome by employing bimetallic compounds
as single-source molecular precursors, in order to have the different metals
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always in intimate contact. Among these, bimetallic carbonyl clusters are quite
attractive, since they can be prepared with several different sizes and
composition and, moreover, they are decomposed under very mild conditions"
°°?’ This approach has been well documented by the use of homo- and bi-metallic
metal carbonyl clusters for the preparation of supported metal nanoparticles to be
used in heterogeneous catalysis”’**°*, Conversely, very little is known onthe use
of metal carbonyl clusters as precursors of magnetic bimetallic nanoparticles. An
interesting exception is represented by the use of the neutral Fe3Pt3(CO)5 for the
preparation of FePt nanoparticles having high coercitivity””. A larger spectrum
of metals and compositions may be reached by using anionic instead of neutral
bimetallic carbonyl clusters, due to the richer chemistry of the former
Thus, different types of bimetallic magnetic nanoparticles have been
synthesized, starting from molecular bimetallic carbonyl cluster anions, i.e.
[FeCox(CO)2y 7%, [FesPts(CO)is}”°*, [FeNis(CO):3]” “and
[Fe4Pt(CO)6]” 62 In these experiments, the thermal decomposition of the
anionic bimetallic carbonyl clusters systematically resulted in the formation of a
series of alloy NPs, with a composition reflecting that of the precursor, i.e.
FeCo3, FePt, FeNis and Fe4Pt. Thus, this method seemsto eliminate the problems
of phase separation and composition control. From this series the FeCo3 NPs
were chosen for further investigation due to the relative size compared to the
other alloy NPs. The reaction conditions used to synthesise these NPs were
adjusted to investigate what effect this would have upon the size and shape of the
NPs.
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Figure 4.1. Molecularstructures of (a) [FeCo3(CO)j2], (b) [Fe3Pt3(CO); s|”. (c)
[FeNis(CO),3]” and (d) [FegPt(CO),6]” (Co yellow,Fe blue, Pt purple, Ni green,
C grey, O red). Structure drawings have been performed with SHAKAL99*™
4.3 Results and discussion
The thermal decomposition of bimetallic carbonyl clusters was used to
produce alloy NPs with a variety of compositions, e.g. FeCo, FePt, FeNi. For
further details see Section 6.5. The composition of the alloy NPs was controlled
by the composition of the polynuclear carbonyl cluster that was used as the
precursor in the synthesis. For example the Fe-Co NPs were produced from
[Nety][FeCo3(CO))2] retained the 1:3 composition of the precursor. The
composition of the alloy NPs wascalculated from the relative mass of each metal
by elemental analysis (Table 4.1). This would indicate that the decomposition of
the precursor follows the classical LaMer model*®; formation ofinitial metal
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nuclei, their agglomeration, and/or nuclei growth via decomposition ofthe rest of
the carbonyl on them.
Table 4.1. Results of the elemental analysis used to calculate the composition of
the alloy nanoparticles synthesised from the thermal decomposition of bimetallic
carbony] clusters
 
Precursor Fe Co Ni Pt relative relative relative relative nanoparticle
(%) (%) (%) (%) molar molar molar molar composition
amount Fe* amountCo amount Ni amountPt
[FeCox(CO)pJ 8.35 25.97 - - 0.15 0.44 - - FeCo;
[FeNis(CO)3]” 10.94 - 4483 - 0.20 - 0.76 - FeNiy
[FesPt3(CO):s]”> 11.58 - - 37.47 0.21 - - 0.19 FePt
[FesPt(CO)is]*> 16.02 - - 14.60 0.29 - - 0.07 Fe,Pt
* Relative molar amounts for each element werecalculated by dividing the percentage weight by the atomic massofthat
element.
4.3.1 Size of the Magnetic Nanoalloys
All the NPs produced were spherical and the average diameter of the NPs
varied depending on their metal composition. Figure 4.2a, for example, shows a
TEM image of FeCo3 NPs with an average diameter of 6.8 + 0.8 nm, while
Figures 4.2b, 4.2c and 4.2d show TEM images of FeNiy, FePt and Fe4Pt NPs,
produced under the same conditions (reactant concentrations, etc.), with average
diameters of 4.1 + 0.7 nm, 2.6 + 0.4 nm and 3.7 + 0.6 nm. However, varying the
reaction conditions, such as ligand concentration (Figure 4.3) and temperature,
had nostatistically significant effect (student t-test, P = 0.02) upon the size or
composition of the alloy NPs. This suggests that the dominating factor that
controls the size and shape of the magnetic alloys is the configuration of the
bimetallic carbonyl precursor they were synthesized from.
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and (d) Fe,4Pt NPs
[NEt,] [FeCo3(CO) l2] >
Figure 4.2. TEM images and sizedistributions of (a) FeCo3 (b) FeNig (c) FePt
synthesised by
[NMeg]2[FeNis(CO) 13] >
the thermal
[NMe3CH>Ph]2[Fe4Pt(CO),6] and coated with OA and TOPO.
[NMe3CH>Ph]2[Fe3Pt3(CO), 5] and
decomposition of
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Particle diameter/nm Figure 4.3. TEM imagesandsize distributions of FeCo3 NPs produced with (a)
0.055 mmol OA or(b) 0.22 mmol OA. Varying the concentration of OA had no
significant effect upon the average diameter of the NPs.
4.3.2 Magnetic properties of the Nanoalloys
The ZFC and FC magnetization curves of the magnetic alloy NPs are
shown in Figure 4.4 and indicate that the NPs are superparamagnetic at room
temperature. The sharp peaks in the ZFC curves and the splitting of the curves
near to the blocking temperatures indicate that the NPs have a narrow size
distribution, which is consistent with the TEM images in Figure 4.1. Changing
the ligand oleic acid (OA) for myristic acid (MA) and trioctylphosphine oxide
(TOPO) for hexadecylamine (HDA) in the synthesis of the FeCo3 NPs had no
significant effect upon the magnetic properties of the synthesized NPs (Figure
4.5). This suggests that the crystal structure of the NPs is not affected by the
nature of the ligand usedin their synthesis.
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Figure 4.4. Zero-field cooled and field cooled magnetization curves of (a) FeCo3
(b) FeNig (c) FePt and (d) FePty NPs coated with OA and TOPO.The insets show
the hysteresis curves at 2 K for each sample.
Some of the physical properties of the magnetic alloy NPs are
summarized in Table 4.2. An interesting point of note is the difference in value
for the anisotropy constant between the Fe-Pt alloy NPs. The XRD patterns in
Figure 4.7 reveal that both FePt and Fe4Pt NPs are fcc in structure (JCPDF No.
00-002-1167). This would suggest that the differences in the magnetic properties
of the FePt and Fe,Pt NPs are due to differences in their composition rather
differences in their crystal structure (e.g. fet Fe-Pt alloys have a typical
anisotropy constant of 7000 kJ/m°). This indicates that subtle differences in the
composition of the NPs can be achieved by the use of the appropriate precursor.
The XRD patterns of the synthesised alloy NPs are discussed further in Section
4.3.3.
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Table 4.2. Summary of the magnetic properties of the nanoalloys produced by
thermal decomposition of a range of bimetallic carbonyl clusters and coated with
OA and TOPO.
 NP Diameter T, H,at2K K M,
Composition (am) (K) (Oe) (ki/m?)_ (Am/kg)
FeCo, 70 4 300 8 123
FeNi, 44 12 3000 115 ‘187
FePt 26 17 400 638 128
Fe,Pt 32 10 250 130 209
 
The ZFC and FC magnetisation curves of FeCo3 alloy NPs synthesised in
the presence of either OA and TOPO or MA and HDAare shownin Figure 4.4
and reveal the NPs have blocking temperatures of approximately 4 K and 6 K,
respectively. It is interesting to note that the magnetic properties of the FeCo3
NPswere not affected by changesto the reaction conditions,in this case, the type
of ligand used to stabilise the NPs. The effects of changing the type of ligand
used to stabilise the alloy NPs during synthesis are discussed further in Section
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Figure 4.5. ZFC and FC magnetisation curves of FeCo3 alloy NPsstabilised with
(a) OA and TOPOor (b) MA and HDA.Theinset showsthe hysteresis curvesat
2K.
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4.3.3 X-Ray diffractometry of the magnetic alloy NPs
The XRD pattern of the OA -TOPO coated FeCo3 NPs shownin Figure
4.5 indicates the presence of bccstructure typical of Fe-Co alloys (JCPDF No.
03-065-4131) and e-Co (JCPDF No. 03-065-9722). Moreover, the pattern
suggests that the FeCo3 NPs have not becomeoxidised as it does not match the
XRDpatterns for any iron oxides or cobalt oxides.
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Figure 4.6. XRD pattern of the FeCo3 alloy NPs synthesised bythe thermal
decomposition of [NEt4][FeCo3(CO)j2].
The XRD patterns of the Fe-Pt alloy NPs are shownin Figure 4.7 reveal
that both FePt and Fe4Pt NPsare fcc in structure (JCPDF No. 00-002-1167). This
contradicts the findings of Inomata er al.”°°, who suggested that FePt alloy had a
tetragonal structure and Fe4Pt was cubic. Nevertheless, no peaks were observed
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that indicated the presence of iron oxide, suggesting the Fe-Pt alloy NPs are
resistant to oxidation thus maintaining their magnetic properties.
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Figure 4.7. XRD patternsof (a) FePt and (b) Fe4Pt alloy NPs, synthesised by the
thermal decomposition of [NMe4CH2Ph]|[Fe3Pt3(CO);5] and
[NMe4CH>Ph][FesPt(CO) 6], respectively.
4.3.4 Effect of ligand type on nanoalloy particle size
The effect upon the size and shape of the magnetic nanoalloys by
changing the hydrocarbontail of the ligands was investigated. Combinations of
ligands with “kinked”(e.g. oleic acid, oleylamine), “straight” (e.g. myristic acid,
hexadecylamine) or “bulky” e.g. trioctylphosphine oxide, adamantane carboxylic
acid) hydrocarbon chains were used to stabilize FeCo3 alloy NPs (Figures 4.8 to
4.10). These ligands have previously been shownto affect both the size and the
shape of alloy NPs that were produced by the concurrent thermal
19
Table 4.3. Effect of changing the hydrocarbontail and/or the head group of the
stabilizing ligand on the diameter of FeCo3 NPs.
 
 
Size of FeCo3 NPs (nm)
hexadecylamine oleylamine TOPO
myristic acid 7.6+1.4 6.8 + 0.7 6.8 + 1.0
oleic acid 8.14 1.0 76+ 1.8 6.0 + 0.7
adamantane carboxylic acid 6.8 + 0.8 7ket LS 5.3 & 0:7
 
decomposition/reduction of two or more precursors '*'. However, as summarized
in Table 4.3, changing the nature of the surfactant had nostatistically significant
(P = 0.02) effect upon the size, shape or composition of the FeCo3 alloy NPs
produced by the decomposition of [NEts][FeCo3(CO),2]. Again this suggests the
composition of the precursor determines the physical characteristics of the
synthesized magnetic nanoalloys. Moreover, it is expected that several other
compositions might be obtained by simply changing the nature of the carbonyl
cluster precursor.
80
81
amine. Bar 100 nm.
Figure 4.8. TEM imagesandsizedistributions of FeCo3 stabilised with (a) oleic
acid and TOPO,(b) oleic acid and oleyl amine and(c) oleic acid and hexadecyl
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Figure 4.9. TEM imagesandsize distributions of FeCo3 stabilised with (a)
(b) myristic acid and oleyl amine and (c) myristic acidmyristic acid and TOPO,
and hexadecyl amine. Bar 100 nm.
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4.4 Conclusion
A series of alloy NPs was synthesized by the thermal decomposition of
the respective bimetallic carbonyl cluster. The physical and chemical properties
of the alloy NPs were determined by the metal atom content of the cluster.
Changing the synthesis conditions, such as ligand concentration and ligand type
had no significant effect upon the size of the NPs. This may be a result of the
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stability of the metal-metal bond already present in the nucleusof the cluster that
promote the development of new metal-metal bonds between the two elements in
the forming NPs. The alloy NPs obtained have a narrow size distribution and, in
most cases, they retain the composition of the molecular precursors. This work
demonstrates that anionic bimetallic carbonyl clusters are perfect precursors for
the preparation of alloy NPs with controlled composition and containing different
types of metals (i.e. Fe-Co, Fe-Ni, Fe-Pt). This may be a general procedure and
the scope of this work can be extended to several other elements (e.g. Fe-Rh, Fe-
Pd, Fe-Ag, Fe-Au, Fe-Cd, Ni-Co, Ni-Rh, Ni-Pd, Ni-Pt, Ni-Cd, Ni-Au, Co-Pt; in
different ratios), due to the fact that the chemistry of anionic bimetallic carbonyl
clusters is well established andrather rich?°’?”’,
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Chapter 5
(Bio)Functionalisation of magnetic nanoparticles
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5.1 Aims and objectives
To be useful in biomedical applications magnetic NPs need to be
dispersed in aqueous solution. Fine control over the physical properties of the
NPs can easily be achieved when they are synthesised in organic solvent,
however this usually produces NPs with a hydrophobic coating which needs to
be modified to make it more hydrophilic. In this chapter, the transfer of magnetic
NPs to aqueous solution by functionalising the nanoparticle surface will be
studied. The surface of the hydrophobic NPs will be modified to make them
more hydrophilic, firstly by exchanging the capping ligand used in the
nanoparticle synthesis (OA) with a thermo-responsive polymer or a phosphine
oxide functionalised polyethylene glycol. In a second method, Pluronic F127 is
added to the hydrophobic ligand layer to try and give the NPs an overall
hydrophilic coating the addition of a stabilising molecule or the addition of a
gold layer. The third method involves the reduction of a gold salt at the surface
of pre-synthesised magnetic NPs to add a layer of gold and form a core-shell
structure. The gold coated NPs can be further functionalised by the addition of
thiolated biomolecules. Once the NPsare dispersed in aqueoussolutionit is vital
that they are stable in physiological conditions, Therefore, the stability of the
NPs in aqueoussolution to external stimuli such as changes in pH, temperature
or increases in electrolyte concentration will also be studied.
5.2. Introduction
The previous two chapters discussed novel synthesis methods to produce
magnetic NPs, however, the syntheses were carried out in organic solvent in the
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presence of hydrophobic ligands such as OA, TOPO OLAetc, which produced
NPsthat are not water-soluble. To be useful in biomedical applications, the NPs
need to be transferred to an aqueous phase. One method to overcomethisis post-
synthesis modification of the surface of the NPs to produce a core-shell system.
The versatility of core-shell NPs compared to those fabricated from a single
species also makes them particularly useful. Core-shell magnetic NPs usually
consist of a magnetic core (e.g. cobalt, iron oxide) and a shell that can not only
provide a hydrophilic layer to the NPs, but also a platform for functionalisation
of the NPs. The surface modification can be achieved by adding an additional
metal such as gold”, or replacing the hydrophobic ligand with macromolecules
23, 142 122, 170, 270, 271such as peptides and hydrophilic polymers , or other substances
273such as DMSA (2,3-dimercaptosuccinic acid)’, betaine hydrochloride*” and
silanes?”*. Alternatively, an amphiphilic polymer can be added to the
hydrophobic layer without replacing it, but has the overall effect of creating a
hydrophilic shell on the NPs?”?,
A series of polymers was used in the surface modification process of Co
and iron oxide NPs. For the ligand-exchange type modification, thermo-
responsive polymers (see Section 2.2, page 43, for the properties of these
polymers) and phosphine oxide-poly(ethylene glycol) (PO-PEG) were used. The
phosphine oxide moiety of this polymer is known to bind very strongly to iron
oxide. For the ligand-addition type modification Pluronic F127 was used.
Pluronic F127 is a co-polymer made from two A-chains of polyethylene oxide
(PEO) and one B-chain of polypropylene (PPO) in an ABA configuration. The
coating procedure is driven by the hydrophobic-hydrophobic interactions
between the PPO chain andthe oleic acid on the as synthesised NPs (Figure 5.1).
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 200 8.   
Oleic acid coated PPO/Oleic acid
nanoparticle intercalation
Hydrophobicdomain
FI27= wo~~“eoNhe   Figure 5.1. Schematic diagram of ligand addition of Pluronic F127 to an oleic
acid coated magnetic nanoparticle (adapted from Qin et al”),
The modified NPs can then be further functionalised by the conjugation of
functional groups, such as biotin, to the polymers. Alternatively, the surface of
Co and iron oxide NPs had been coated with a layer of gold. This is achieved by
reducing a gold salt on the surface of the NPs to form an additional metal layer.
The gold surface can be functionalised using well knownthiol chemistry”.
5.3 Results and discussion
5.3.1 Thermo-responsive polymer stabilised Co and iron oxide
nanoparticles
A series of thermo-responsive polymers were used to enhance the
hydrophilicity of hydrophobic magnetic NPs (synthesised as per Section 6.6) by
a process of ligand exchange. The technique is described in further detail in
Section 6.7. Of these polymers, it was found that polymer P3 (LCST = 36 °C,
Mw = 4500) was most suitable to stabilise Co NPs in aqueous solution, and
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polymer P4 (LSCT = 42 °C, Mw = 6000) was most suitable for use with iron
oxide NPs in aqueoussolution. Polymer P3 was designed to have an increased
numberof carboxylic acid groups present, which would enhance the binding to
the nanoparticle surface. The proposed structure of these polymers is shown in
Figure 5.2, while their synthesis and physical properties are described in Section
6.2.
H H COOH
gi
x y X y
O pe OH O pe NH,
(P3) (P4)
Figure 5.2. Proposed structure of poly(isopropylacrylamide-co-acrylic acid)
(polymer P3) and poly(isopropylacrylamide-co-amide) (polymerP4).
5.3.1.1 Size of the Co and iron oxide nanoparticles ligand exchanged
with thermo-responsive polymers
The TEM images of the Co and iron oxide NPs before and after ligand-
exchange with thermo-responsive polymers are presented in Figure 5.3. For Co,
prior to ligand-exchange, discrete NPs were dispersed in organic solution.
However, after ligand-exchange using polymer P3, the NPs formed larger
‘spherical aggregates’ in aqueous solution having relatively large diameter of
about 100 nm (Figure 5.3b). When only polymer P3 is heated in a solvent
solution, the formation of similar sized polymer spheres was observed. The
discrete Co NPs were observed within the aggregates, indicating that the NPs
became embedded in the polymer spheres as they formed. Similar results were
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seen when this polymer was used with iron oxide. On the other hand, when
polymer P4 wasusedto stabilise iron oxide NPs, discrete NPs can be seen in the
TEM images both before and after ligand-exchange process (Figures. 5.3c and
5.3d, respectively), thus indicating that the ligand-exchange process did not
result in an aggregation of these NPs.
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Figure 5.3. TEM imagesand size distributions of Co NPs coated with OA/TOPO
(a), Co NPs coated with P3 polymer after the ligand-exchange (b), iron oxide
NPs coated with OA (c) and iron oxide NPs coated with P4 polymerafter the
ligand-exchange (d). Bar 100 nm.
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5.3.1.2 Magnetic properties of thermo-responsive polymer stabilised
magnetic nanoparticles
The results of the ZFC and FC magnetization of the thermo-responsive
polymer coated Co and iron oxide NPs are presented in Figure 5.4. For Co NPs
in the ‘spherical aggregates’, a broad peak in the ZFC curve and blocking
temperature of about 190 K wasobserved. This blocking temperature is expected
for relatively large NPs andis therefore consistent with the TEM image in Figure
5.3b. On the other hand, for iron oxide NPs, the blocking temperature is much
smaller at about 12 K, supporting the suggestion that these NPs are discrete in
aqueoussolution. The coercivity measured at 5 K for Co and iron oxide NPsis
about 1.3 and 0.1 kOe, respectively. The higher coercivity observed for the
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Figure 5.4. ZFC (symbols) and FC (lines) magnetization of the thermo-
responsive Co (a) and iron oxide (b) NPsas a function of temperature. The insets
showshysteresis loops measuredat 5 K.
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polymer embedded Co NPsagain suggests that they have the magnetic properties
of muchlarger NPssince the coercivity is related to nanoparticle size~”°.
5.3.1.3 Effect of temperature on the stability of the thermo-responsive
polymer coated nanoparticles
The response of the polymers P3 and P4 to changes in temperature were
maintained when they were bound to the Co and iron oxide NPs, respectively as
depicted in Figure 5.5, where the NPs aggregated above the LCSTof the parent
coating polymers in solution. This phenomenon waspreviously observed when
using thermo-responsive polymers in a one-step synthesis procedure and is
discussed further in Section 2.7. Briefly, as the temperature increased, the
polymers changed conformation and the chains collapsed, creating a more
hydrophobic surface that destabilized the dispersion and resulted in flocculation
of the NPs. This process was reversible in that upon cooling to a temperature
below LCST the NPs were redispersed into the solution as the polymer coils
were re-established.
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aS meee
~ Figure 5.5. The effect of temperature uponthe stability in water of the polymer
coated Co (a) and iron oxide (b) NPs.
5.3.1.4 Stability of thermo-responsive polymer coated magnetic
nanoparticles in aqueoussolution
The stability of the NPs in different electrolyte conditions and pH was
investigated (for further details see Section 6.11). The spherical-like aggregates
of Co NPsare not asstable in electrolyte solution as the discrete iron oxide NPs.
The Co NPs werestable up to 0.2 M NaCl, while the iron oxide NPs were stable
up to 0.5 M (Figure 5.6). This is probably due to the iron oxide NPs not forming
aggregates similar to those observed for Co NPs.
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01M) 02M) 03M) 04M 0.5M) 0.6M | Figure 5.6. Photograph of P3 coated Co (a) and P4 coated iron oxide NPsafter
ligand exchange (b) in 10 mM phosphate buffer with increasing NaCl
concentrations.
Both types of NPs had similar responses to changes in pH. Both the
ligand-exchanged Co andiron oxide NPs were foundto be stable from pH = 7 to
pH = 12 (Figure 5.7). In basic conditions the carboxylic acid groups of the
surface entrapped polymer chains can lose a proton, resulting in an overall
negative charge that can help stabilize the NPs through increased electrostatic
screening.
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Figure 5.7. otograph of oxide NPs coated with polymer P4 in aqueous
solutions from pH = 2 to pH = 12.
5.3.2 PO-PEGstabilised magnetic nanoparticles
The thermo-responsive polymers P3 and P4 were found to facilitate the
dispersion of Co and iron oxide NPs in aqueous solution. However, to achieve
improved stability in electrolyte solution, a different polymer was used in a
ligand exchange process (as described in Section 6.9). This polymer was
phosphine oxide-polyethylene glycol (PO-PEG) with a molecular weight of
approximately 5000 g/mol. The phosphine oxide moiety is known to bind well to
*77 and was therefore used to functionalise PEG. The proposediron oxide
structure is shown in Figure 5.8 and the details of the synthesis can be found in
section 6.8. Matrix assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectrometric and 3'P NMRanalysis revealed the formation of the
PO-PEG.
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Figure 5.8. Structure of PO-PEG
5.3.2.2 Size of the PO-PEG coated magnetic nanoparticles
The TEM imagesin Figure 5.9 show iron oxide NPsbefore and after the
oleic acid ligand was exchanged for PO-PEG. No aggregation of the PO-PEG
stabilised iron oxide NPs was observed (Figure 5.9b) suggesting these NPs were
discrete in aqueoussolution prior to drying on the TEM grid. When PO-PEG was
used to stabilise Co NPs in aqueous solution, the NPs agglomerated and
precipitated out of solution. This may be because the phosphine-oxide group
doesnot bind strongly to the Co NP surface.
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5.3.2.3 Stability of the PO-PEG coated magnetic nanoparticles
The stability of PO-PEG coated magnetic NPs in aqueous solution was
studied and they were foundto be stable from pH = 4 to pH = 10 for four months
(Figure 5.10). These NPs were also stable in 1 M NaCl for up to 7 days. This
would suggest that the PEG portion of the polymer has a very strong stabilising
effect upon the iron oxide NPsthat is not affected by changesin ionic strength of
the solution in which they are dispersed.   
Figure 5.10. Photograph of PO-PEG coated iron oxide NPs in aqueoussolutions
from pH = 4 to pH = 10.
5.3.3 F127 stabilised magnetic nanoparticles
The use of PO-PEG was found to provide better stability of iron oxide
NPsin electrolyte solutions than the poly(isopropylacrylamide) based polymers
P3 and P4. However, PO-PEG wasnot very suitable for use with Co NPs, with
little or no ligand exchange taking place, therefore rather than using a ligand
exchangeprocess, the polymer Pluronic F127 (Figure 5.11) was used in a ligand
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addition type reaction, as described in Section 6.10. The amphiphilic nature of
this polymer can be exploited, where the hydrophobic PPO chain can interact
with the hydrophobic oleic acid on the nanoparticle surface and the hydrophilic
PEO chains extending outwardto give an overall hydrophilic coating to the NPs.
heom
Figure 5.11. Structure of Pluronic F127
5.3.3.1 Size of the Pluronic F127 coated magnetic nanoparticles
Figure 5.12 shows TEM imagesof iron oxide NPs before and after the
addition of Pluronic F127 to the oleic acid layer. The iron oxide NPs remained
discrete particles in aqueous solution after the addition of Pluronic F127 (Figure
5.12b). The addition of Pluronic F127 to Co NPs did not produce hydrophilic
NPs. This may be due to the presence of TOPOasa co-ligand with oleic acid in
the surface of these NPs. TOPO, which is not present on iron oxide NPs, may
prevent the hydrophobic-hydrophobic interactions between the oleic acid and the
PPO chain of Pluronic F127, resulting inlittle or no coating of the NPs.
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5.3.3.2 Stability of F127 coated magnetic nanoparticles
F127 provided a hydrophilic coating to iron oxide NPs that facilitated
their phase transfer into aqueous solution. Once in the aqueous solution these
NPswerestable from pH = 4 to pH = 10 for four months (Figure 5.13) and in 1
M NaCl for three weeks. This would suggest this polymer also has a strong
stabilising effect upon the NPsregardless of the ionic strength of the solution.
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 Figure 13.solutions from pH = 4 to pH = 10.
5.3.4 Bimetallic magnetic nanoparticles
Cobalt and iron oxide NPs were synthesised in organic solvent using
standard methods and coated with NaAOT and oleic acid, respectively. The
reduction of a gold salt was then used to coat the synthesised NPs with a layer of
gold (Figure 5.14). More details of the synthesis methods can be found in
Sections 6.12 and 6.13. The addition of a Au layer can protect the magnetic
nanoparticle from oxidation and provide a stage for functionalisation of the NPs.
Au(OOCCH3); &
OA& OLA 1,aaFe(acac); 5
heat “at
Fe;0, Fe,0,@Au
nanoparticle nanoparticle
Figure 5.14. Schematic diagram of the formation of Fe;04@Au NPs
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5.3.4.1 Size of the bimetallic magnetic nanoparticles
It can be seen from the TEM images in Figure 5.15 that both the NaAOT
coated Co and Co-Au bimetallic NPs have a narrow size distribution (standard
deviation of 0.8 nm for both types of NPs). Both the Co and the Co-Au NPs have
similar average diameters as would be expected for an atom exchange process,
where for each Au atom reduced a Co atom is oxidised, resulting in no overall
change in nanoparticle diameter’’. This suggests that the bimetallic NPs have
formed by a redox transmetallation process and not by another means such as
galvanisation. In the redox transmetallation process, the Au** ions are reduced on
the surface of the Co NPs with the simultaneousoxidation of neutral Co’ atoms
to Co”* ions.
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In contrast, the average nanoparticles diameter of the Fe304-Au NPs
increased to 9.2 + 1.3 nm from 6.7 + 0.7 nm for the Fe3O4 seeds (Figure 5.16a
and b). This would indicate that the Au layer with an average thickness of ~1.2
nm was added to the surface of the Fe;04 NPs, resulting in an increase in
diameter. Figure 5.15c shows a TEM image of the Fe3O4-Au NPstaken from an
aqueoussolution of thiolated DNA.It can be seen that there is no aggregation of
however, they do the NPs (the average nanoparticles diameter remains at ~9 nm),
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Figure 5.16 TEM imagesandsize distributions of (a) Fe304 NPs in hexane, (b)
Fe304-Au NPsin water and (c) Fe3O4-Au NPs in water with thiolated DNA. The
Fe304-Au NPsare approximately 2.5 nm larger than the Fe304 NPs. Bar 100 nm
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however, they do appear to be embedded in a matrix. This is probably a result of
the DNA drying on the TEM grid.
5.4.3.2 X-Raydiffraction of the bimetallic NPs
Figure 5.17 shows the XRD pattern of Co-Au NPs and showsdiffraction peaks at
20= 38.2 °, 44.4 °, 65.6 ° and 77.5 °, which can be indexed to (111), (200), (220)
and (311) planes of Au in the cubic phase. The absence of any diffraction peaks
278for Co is probably due to the heavy atom effect of the Au“ as it combines with
the Co NPs. This effect has been previously observed in similar NP37# 130181,
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Figure 5.17. XRD pattern of Co-Au NPs. Reference peaks for Co and Auare
shownin orange and blue, respectively.
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The XRD patterns of Fe;04 and Fes;04@Au NPs are compared in Figure
5.18. The XRD pattern of Fe;0s@Au NPs(curve b) displays peaks for both
Fe304 and Au, however the peaks for the magnetite are subdued when compared
to the XRD pattern of Fe3O,4 alone (curve a). This is most likely caused by the
heavy atom effect from Au?” as a result of the formation of Au-coating on the
Fe30,4 NPs. This effect has been observed previously and** '3°:'3! provide further
evidence for complete coverage of the iron oxide core by an Aushell and
supporting the TEM imagesin Figure 5.16.
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Figure 5.18. XRD patterns of(a) Fe3O4 and (b) Fe;04@Au NPs. Reference
peaks for Fe3O4 and Au are shown in red andblue respectively.
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5.4.3.3. UV/Visible spectra of the bimetallic magnetic nanoparticles
The UV/visible absorption spectra for Co, Au and Co@Au bimetallic
NPs are shown in curves a-c in Figure 5.19. The Co NPs show mostly silent
feature in the visible region, while the Au NPs display surface plasmon
resonance band at 520 nm. The surface plasmon resonance band of the Co@Au
bimetallic NPs show a red-shift covering a range from 500 to 650 nm in
spectrum, which is commonlyobserved in other Au bimetallic systems.” an
 1.44
1.0 -
0.9-
os|\(c)
074
064 (a)
0.54
044 (b)
0.3-
0.24
0.14
ii300 400 500 600 700 £800 900
Wavelength/nm
Ab
so
rb
an
ce
/a
.u
.
  
Figure 5.19. UV-visible spectra in toluene of (a) NaAOT coated Co NPs, (b) Au
NPsand (c) Co@Au NPs. A sharp absorption peak can be observed for the Au
NPs at 520 nm whereas for the Co@Au NPs, the absorption peak broadens,
covering a range from 500 to 650 nm in spectrum of the indicating the presence
of Au.
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Similar shifts in the surface plasmon resonance band seen in Figure 5.19 were
observed in the spectra of the Fe304-Au NPs (Figure 5.20, curves b and c), while
the spectrum of Fe304 NPs waslargely silent (Figure 5.20 curve a), indicating
the presence of Au in the former sample. No increase in the shift was observed
for the Fe3;O4-Au NPsin the aqueous thiolated DNA solution, indicating that the
NPshavenot aggregated.
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Figure 5.20. UV-visible spectra of (a) Fe304 NPs in hexane, (b) Fe304-Au NPs
in water and (c) Fe3O4-Au NPs in water with thiolated DNA. The broad
absorption peaks in the 500 to 650 nm range indicate the presence of Au in the
samples.
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5.4.3.4 Magnetic properties of the bimetallic magnetic nanoparticles
The ZFC and FC magnetisation curves, as a function of temperature, of
the NaAOT coated Co and Co-Au bimetallic NPs are shown in Figure 5.21 and
indicates a blocking temperature (7;) of 40 K and 6 K, respectively. The fact
there is a sharp peak in the ZFC curve and the ZFC-FCsplitting is close to the
peak position suggests a narrow size distribution for both the Co and Co-Au NPs,
which is consistent with the TEM images in Figure 5.15. The maximum
magnetic susceptibility can be observed in the ZFC curve and show 2.0 emu/g
for NaAOT coated NPs and 0.8 emu/g for Co-Au NPs. The different magnetic
properties observed between the Co and Co-Au NPscould be due to changes in
the crystalline structure of the Co NPs as the gold atoms are added?®° 8". It is
also noted that Au metal itself does not contribute to the magnetism, but only
adds mass to the NPs It can be seen from the hysteresis curve’s measured at 2 K,
in the insets of Figure 5.21 that the Co and Co-Au NPs show ferromagnetic
behaviour at below 7}, with a coercivities of 650 Oe and 500 Oe, respectively.
Onthe other hand abovethe 7;, the hysteresis curves above are closed indicating
that the particles are superparamagnetic. For both NaAOT coated Co and Au-Co
NPs, the magnetisation measured at 2 K does not becomesaturated at the
maximum applied magnetic field of 50 kOe which could be due to either the
canting moments of the surface atoms or the presence of very small particles
which are paramagnetic even at very low temperature of 2 K. In addition, for the
NaAOTcoated Co NPs, the Co core itself is not very well protected and as a
result the oxidation might occur to form a thin antiferromagnetic CoO layer on
the surface. This antiferromagnetic CoO layer also contributes to the observed
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unsaturated feature of the magnetisation of the NaAOT coated Co NPs at high
magneticfield.
 
    1 M/emu g N ° ® 5 5 e s !Me
mu
g
,
&
b
N
O
N
BO
Oo
N
  O 50 100 150 200 250 300 350 400
T/K
 1.54(b)
“f1
M/e
mu
g
oO
~
Oo
°
"
1
, Mem
u g
,
&
bh
8
o
N
a
o
\
|
iy
i N
yf
x
Ss
NY      ss1s ra@ = 5 -4 3 2 1 0 4 2 2 0°44 S=: AW H/kOe0.0 + s SSesseseeeesesesSSeSeeeeeeoO 10 20 30 40
T/K   Figure 5.21. Zero-field cooled (symbols) and field cooled (line) magnetisation
curves of NaAOT coated Co and Co@AuNPsasa function of temperature. The
hysteresis curves measured at 2 K are shown in the insets.
Figure 5.22 shows the ZFC and FC magnetisation curves, as a function of
temperature, of the Fe3O4 and Fe;04-Au NPs. The ZFC curves have peaksat the
blocking temperature, 7;, of 15 K and 29 K for the Fe304 and Fe304-Au NPs,
respectively. Narrow size distributions are indicated by the sharp peak in the
ZFC curve and the splitting of the ZFC and FC curvesclose to the peak position.
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This is consistent with the TEM imagesin Figure 5.16. The maximum magnetic
susceptibility observed from the ZFC curves decreases from 2.8 emu/g for the
Fe304 NPs to 2.1 emu/g for the Fe;O4-Au NPs and 1.7 emu/g for the Fe304-Au
NPsin thiolated DNAsolution. The initial change in the magnetic susceptibility
is probably due to the addition of the diamagnetic Au layer to the Fe;04 NPs and
the lower value for the Fe304-Au NPs in the DNA solution could indicate that
DNAis binding to the nanoparticles surface and therefore increasing the mass
without contributing to magnetism. Both the Fe304 and Fe304-Au NPs display
ferromagnetic behaviour below 7; and have coercivities of 90 Oe and 260 Oe,
respectively. The increases in 7; and coercivity observed for the Fe304-Au NPs
could arise from the increase in their average diameter, which leads to less
effective coupling of the magnetic dipole moments ofthe core’”’. The Fe304 NPs
have more efficient coupling of the magnetic cores and therefore have a lower
coercivity. Above 7; both types of nanoparticle are superparamagnetic as
indicated by the closed hysteresis curves. Similar magnetic properties were
observed for the Fe3O4-Au NPsin both water and thiolated DNA solution (Figure
5.22b and c). This, along with the TEM and UV/vis spectra, indicates that the
Fe3O04-Au NPsare stable in the presence of thiolated DNA.
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5.4.3.5 High resolution transmission electron microscopy
A high resolution TEM (HRTEM) image and energy dispersion X-ray
(EDX) spectrum of a Co-Au bimetallic nanoparticles are depicted in Figure 5.23.
The spectrum displays peaks at 2.5 and 9.5 MeV that correspond to Au and a
peak at 7.0 MeV which corresponds to Co, suggesting that the NPs have a
Co@Aubimetallic structure. However, it can be seen in the HRTEM that the Co-
Au NPs do not have a core shell structure. It has been suggested that NPs
produced by a similar method have slightly more complicated structure than a
simple core-shell. Cheng et al.”*° suggest that Au not only grows on the surface
of the NPs, but will also diffuse into the Co cores, to produce metastable Co-Au
NPs.   168 5.68 16 30 11.60 Be 5.68 17.68 19.60MeV
Figure 5.23. HRTEM image andEDX spectrum of a Co-Au bimetallic magnetic
nanoparticle. Bar 2 nm
Attempts to transfer these NPs to aqueous solution using 11-
mercaptoundecanoic acid as a stabilising ligand resulted in agglomeration and
precipitation of the NPs. This is because the ligand could not bindstrongly to the
nanoparticle surface due to the low gold content.
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Figure 5.24 shows the HRTEM image and EDX spectrum of a single
Fe304-Au nanoparticle. The spectrum has peaks at 0.75 MeV, 6.5 MeV and 7
MeVthat correspond to metallic Fe and peaks at 2 MeV, 9.5 MeV and 11.5 MeV
for Au. Furthermore the HRTEM imageshowsvariation in contrast between the
dark Fe30,4 core and the lighter Au shell. The core appears darker on this image
as mass contrast appears to dominate overdiffraction contrast, rendering the shell
lighter even though Auhas a higher electron density than Fe304 Thelattice
distances measured for the shell correspond to the known Aulattice parameters
for the (111) phase and those measured for the core match well with the Fe3O,4
lattice parameters for the (311) phase.
aOv KIC ame”
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Figure 5.24. HRTEM image and EDXspectrum of a Fe3O4-Au nanoparticle. Bar
1 nm.
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5.4 Conclusion
The modification of the surface of magnetic NPs is one approach to
improve the solubility and stability of these particles in aqueous solution. This is
the first step required to use magnetic NPs in biomedical applications. To this
end, Co and iron oxide NPs were synthesised then functionalised with one of
four polymers and latterly a layer of gold. The initial method for functionalising
the magnetic NPs was to exchange the hydrophobic ligand with a hydrophilic or
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amphiphilic polymer. Thermo-responsive polymers were found to successfully
stabilise magnetic NPs of various sizes, however, the polymer used to stabilise
the Co NPs resulted in the formation of spherical aggregates that were not
particularly stable in electrolyte solution. The thermo-responsive polymer coated
iron oxide NPs were much better dispersed in aqueous solution and this was
reflected in the improved stability in electrolyte solution. Using PO-PEG as a
ligand gave the iron oxide NPs even better stability, however, this polymer was
not suitable for use with Co NPs due to the relatively poor binding of the
phosphine oxide to the Co nanoparticle surface.
The second surface modification method was the addition of Pluronic
F127 to the hydrophobic layer of the NPs. The iron oxide NPsstabilised by this
method were found to be the most stable in electrolyte solution (up to seven
days). This improvementin stability is likely to be a result of the terminal
hydroxyl groups of the hydrophilic PEO chains substituting sodium ions to
produce stable a sodium salt. However, like PO-PEG, this polymer did not
facilitate the phase transfer of Co NPs. This probably arose because the F127 did
not intercalate properly with the oleic acid layer on the Co NPs due to the
presence of TOPOas a co-ligandin that layer.
While both the ligand exchange and ligand addition techniques worked
very well for iron oxide NPs, stable dispersions of discrete Co NPs in aqueous
solution still proved difficult to achieve. Consequently, Co and iron oxide NPs
were coated with a layer of Au by the reduction of a Au salt on the nanoparticle
surface. As well as providing a platform for functionalisation of the NPs Au can
be used to protect easily oxidised cobalt NPs. The initial data acquired (UV-
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visible spectra, EDX, etc) indicated that the Co-Au particles produced had a
bimetallic structure. However, further examination of the morphology by the use
of high resolution TEM could not discern the presence of a core-shell structure.
The absence of a Au shell on the surface of the NPs would also explain why
attempts to stabilise these NPs using 11-mercaptoundecanoic acid resulted in
agglomeration and precipitation of the NPs. On the other hand,the larger size of
the Fe304-Au NPs compared to the Fe304 seeds suggested that a gold layer had
successfully been added to the latter. The presence of a Fe304-Au core-shell
structure was further supported by HRTEM, where two distinct layers with
different lattice distances could be observed.
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Chapter6
Methods and materials
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6.1 General methods
All the synthesis was carried out using standard airless techniques. The
Co2(CO)s was weighed out underair free conditions using a glove box. The TEM
samples were prepared by adding 10 uL of sample in water or organic solvent to
a carbon-coated copper TEM grid at room temperature, covered with a watch
glass, and allowed to evaporate slowly. Images were obtained using an FEI
Tecnai G? 120 kV TEM at the Department of Physiology, University of
Liverpool, operated at 100 kV and visualised using analySIS software. The
diameter (d) of the NPs was taken as the mean of a minimum of 200 (n) NPs
measured using Bersoft Image Measurement 5.2 software. The hysteresis and
ZFC-FC response curves were obtained in the Department of Physics, University
of Liverpool, using an RF Quantum Design Magnetic Property Measurement
System (MPMS) XL SQUID magnetometer. The UV/visible spectra were
obtained using a Molecular Devices Spectromax 384 spectrometer. Chemicals
and reagents were purchased from Sigma-Aldrich Chemical Company, Dorset,
UK.The anhydrous solvents were used without further purification.
To establish the response of the polymer coated NPs to changes in pH,
the NPs were diluted 10 to 1 in water and the pH adjusted with either 0.1 M HCl
or 0.1 M NaOHto give a pH range from 1 to 12. The measurements were taken
using a Brookhaven Instruments Corp. ZetaPlus Zeta Potential Analyser running
ZetaPALS software. Elemental analysis was carried out using a Spectro
CirosCCD ICP-AES. X-ray diffraction (XRD) patterns were obtained using a
Rigaku RINT-2500 diffractometer (CuK,, radiation line A=1.5408A; 40 kV/100
mA).
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6.2 Synthesis of thermo-responsive polymers
The polymers were synthesised as follows, N-isopropylacrylamide and N-
tert-butylacrylamide, (or acrylic acid or acrylamide) were dissolved in propane-
2-ol (40 ml) with 3-mercaptopropanoic acid and 4,4’-azo-bis(4-cyanovaleric
acid) or a,a’-azobis(isobuytronitrile) (for exact amounts see Table 6.1). The
solution was degassed by freeze-thaw cycles under vacuum at least three times.
The tube wasthenplaced in an oil bath at 65 °C for 24 hrs. After cooling to room
temperature, the mixture was concentrated under reduced pressure and the
residue added to diethyl ether (250 ml). The precipitated polymer was filtered
and the residue wasredissolved in the minimum amount oftetrahydrofuran and
reprecipitated into diethyl ether (250 ml) another three times. The purified
polymerwasdried in vacuo at 20 °C for 16 hrs.
The molecular weight (Mw) of the polymers was determinedbytitration
of the dissolved polymer (approx. 0.1 g) in water (50 ml) with freshly prepared
sodium hydroxide solution (10 mM). The end point was determined by using
phenolphthalein solution (1 % w/v in ethanol) as an indicator. The LCST was
determined by dissolving the polymers in water at a concentration of 10 mg/l and
cooled to 5 °C then heated to 50 °C at 0.5 °C/min in a heating block of a UV
spectrometer.
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Table 6.1. The amounts of monomers andfree radical initiators to make the
thermo-responsive polymers, with varying lowest critical solubility temperature
(LCST) and molecular weight, used to coat Co and y-Fe2O3 nanoparticles.
 
Polymer Polymer Polymer Polymer
Pl P2 P3 P4
N-1PAm (g) 8.4 9.0 6.3 9.0
N-t-BAm(g) 1.8 1.1 - -
Acrylic acid - - 0.1 -
Acrylamide - - - 1.0
3-MPA(ml) 0.19 0.19 - 0.19
ACVA(g) - 0.33 - -
AIBN(g) 0.19 - 0.06 0.19
LCST (°C) Band 28.0 36 42
Mw 6800 10000 4500 6000 
The LCST wastaken at the onset of a sharp increase in absorption at 500
nm which is indicative of an increase in the turbidity of the solution due to the
phase transition of the polymer. To study the effect of temperature upon the
stability of the NPs in solution, 0.5 ml aliquots of aqueous nanoparticle
suspension was mixed with either water (2 ml) or phosphate buffer solution
(PBS) (2 ml; 10 mM). PBS was made using NaH2PO, (0.84 ml; 0.2 M) and
NazHPO, (2.16ml; 0.2 M) made up to 60 ml using deionised water to give a pH
of 7.2. The diluted suspensions were then exposed to a range of temperatures
from 5 °C to 50 °C.
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6.3. Single step preparation of thermo-responsive polymer coated
magnetic nanoparticles
The thermal decomposition of dicobalt octacarbonyl or iron
pentacarbonyl, in the presence of the thermo-responsive polymer was used to
synthesise NPs consisting of Co and y-Fe,03, respectively. In a typical Co
nanoparticle synthesis, the polymer (0.04 mmol) was dissolved in DCB (8 ml)
and heated to 186 °C with vigorous stirring, under N2, before a solution of
Co2(CO)s (3.56 mmol) in DCB (2 ml) was rapidly injected into the solution. The
solution was heated at this temperature for 10 min then cooled to room
temperature. For the y-Fe,O; NPs, the polymer (0.04 mmol) was dissolved in
dioctyl ether (10 ml) at 100 °C, under Nz and Fe(CO)s (3.56 mmol) was added
with vigorous stirring. The solution was heated to 286 °C and heated at that
temperature for 30 min, then cooled to room temperature. To remove excess
polymer from the solution and the NPs were concentrated by using a permanent
magnet. The solvent was removed andtheparticles redispersed in hexane. This
process wasrepeated three times before NPs were dried in vacuo at 20 °C for 30
min. The residue was redispersed in water and sonicated for 15 min. A
permanent magnet wasagain used to concentrate the particles and the water was
removed. This process was repeated three times before the particles were
suspendedin water.
6.4 Synthesis of Co nanoparticles by laser irradiation of Co.(CO)s
To synthesise Co NPs, a Q-switched Nd:YAG laser (Quantel Brilliant,
Ltd) was used, which produces pulses with a width of 5 ns at a repetition rate of
119
10 Hz and a wavelength of either 355 nm or 266 nm. For both wavelengths, the
pulse energy was adjusted to 15 + 3 mJ and the beam diameter to 5 mm.In a
typical synthesis, using standard airless conditions, OA (0.02 M or 0.04 M) and
TOPO(0.02 M or 0.04 M) were dissolved in DCB (2 ml) in a 10 mm path length
quartz absorption cell (Hellma UK,Ltd.). A solution of Co2(CO)s (0.52 M) in
DCB (0.5 ml) was added to the OA/TOPOsolution which wasthen irradiated
under vigorousstirring for 30 min. All syntheses were repeated three times and
produced consistent results (Table 6.2).
Table 6.2. Results of the repeat synthesis of Co NPs by pulsedlaserirradiation
of Co2(CO)g
Nanoparticle diameter (nm)
 
 
Wavelength OA:TOPO Synthesis Synthesis Synthesis
(nm) ratio 1 2 3
266 2.5:1.0 2.8+0.5 2.5+0.4 2.6 + 0.4
266 1.0:2.5 3.7+0.6 3.5+0.5 3.5+0.4
355 2.5:1.0 5.143.1 5343.3 4.6+2.7
6.5 Synthesis of alloy magnetic nanoparticles from bimetallic
carbonyl clusters
The bimetallic carbonyl clusters were kindly provided by Dr Stefano
Zacchini. OA (0.11 mmol) and TOPO (0.044 mmol) were dissolved in
anhydrous DCB (4 mL), under No, and heated to 186 °C. A solution of the
bimetallic carbonyl (0.26 mmol) in DCB (1 mL) wasrapidly injected into the
OA/TOPO solution with vigorous stirring. The mixture was heated at this
temperature for 10 min then cooled to room temperature. All analysis and
characterisation was carried out on the as prepared NPs.
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6.6 Preparation hydrophobic magnetic nanoparticles
Nanoparticles for use in ligand exchange/addition experiments werefirst
prepared in organic solvent and coated with a hydrophobic coating. In a typical
Co nanoparticle synthesis, trioctylphosphine oxide (0.26 mmol) was added to a
two neck flask with a condenser fitted and flushed with nitrogen for 20 min.
Oleic acid (0.63 mmol) and (DCB) (15 ml) was added and the solution was
heated to 186 °C with vigorousstirring. A solution of dicobalt octacarbonyl (1.58
mmol) in DCB (3 ml) wasrapidly injected into the solution. The solution was
heated at 186 °C for 10 min then cooled to room temperature. For the y-Fe203
NPs, iron pentacarbonyl (6.08 mmol) was addedto a solution of oleic acid (3.04
mmol) in dioctyl ether (20 ml) at 100 °C with vigorousstirring under nitrogen.
The resulting mixture was heated to 286 °C and held at that temperature for 1 h.
The solution was then cooled to 80 °C and allowedto air oxidise over a period of
16 h. After oxidation the solution was again heated to 286 °C for 1 h then cooled
to room temperature. The diameter of the NPs was controlled by varying the
concentration of oleic acid addedto the solution.
6.7 Ligand exchange of hydrophobic magnetic nanoparticles with
thermo-responsive polymers
The oleic acid coating of the magnetic NPs was replaced with a thermo-
responsive polymeras follows: the synthesised NPs (5 ml) were precipitated by
the addition of ethanol (20 ml). The NPs were washed a further two times with
ethanol (20 ml) and resuspended in 1,4 dioxane (5 ml). This solution was then
added to a solution of the thermo-responsive polymer(0.5 g) in 1,4-dioxane (15
ml). The mixture was then heated to 60 °C for 48 h. After this period the 1,4-
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dioxane was removedin vacuo and the residue was washed twice with n-hexane.
Once all trace of solvent was removed, the ligand exchanged NPs were
suspended in water, sonicated for 15 min, then dialysed against water for 48 h,
using dialysis membrane with a Mw cut off of 10 000. The solution was then
freeze dried.
6.8 Synthesis of phosphine oxide-poly(ethylene glycol) (PO-PEG)
The phosphine oxide-poly(ethylene glycol) was prepared as previously
published””’. Breifly, poly(ethylene glycol) methyl ether (3 mmol) was dissolved
in anhydrous THF (5 mL) and phosphorous oxychloride (3 mmol) was added.
The solution wasstirred at room temperature for 24 h after which the solvent was
removed in vacou. Theresulting gel was incubated at 100 °C, under vacuum,for
a further 12 h.
6.9 Ligand exchange of hydrophobic magnetic nanoparticles with
PO-PEG
Oleic acid coated magnetic NPs in an organic solvent suspension (5 mL)
were precipitated and washed with ethanol (20 mL). The NPs were resuspended
in THF (5 mL), into which PO-PEG was added (100 mg) and the solution was
agitated by sonic bath for 10 min. The solvent was removed, in vacou, and the
resulting residue was incubated at 150 °C, under vacuum, for 1 h. Water (5 mL)
was added and the solution was dialysed against water against water for 48 h,
using dialysis membrane with a Mwcutoff of 10 000.
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6.10 Ligand addition to hydrophobic magnetic nanoparticles with
Pluronic F127
Oleic acid coated magnetic NPs in an organic solvent suspension (5 mL)
were precipitated and washed with ethanol. The NPs were resuspended in hexane
(5 mL). The phase transfer from organic solution to aqueous solution was
achieved by mixing the hexane solution of NPs with and aqueoussolution of
Pluronic F127 (5 ml, 10 mg/mL). The mixture was sonicated for 30 min, and
then lightly covered to allow the organic phase to slowly evaporate over 48 h.
The aqueoussolution of NPs was dialysed against water for 48 h using dialysis
membrane with a Mw cut off of 10 000.
6.11 Stability of magnetic nanoparticles in electrolyte solution
Either Co or iron oxide NPs were dispersed in phosphate buffer (10 mM,
1 mL) and NaCl solution (5 M, 21 pL) was added to give a salt concentration of
0.1 M. This solution was left for 30 min to observe any aggregation, after which
the process was repeated to producea salt concentration of 0.2 M. Volumes of 5
M NaCl were added until either aggregation was observedora salt concentration
of 1 M wasobtained.
6.12 Synthesis of Co-Au magnetic nanoparticles
A solution of Co2(CO)gs (0.49 g, 1.43 mmol) in anhydrous toluene (3 ml)
was rapidly injected into a solution of NaAOT(0.067 g, 0.151 mmol) in toluene
(27 ml) under reflux. The solution was vigorously stirred for 6 hrs at this
temperature, under nitrogen and then cooled to room temperature. An aliquot (5
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ml) ofthis solution was then diluted with toluene (20 ml) and heated to 85 °C. A
solution of HAuCly-3H2O (0.05 g) and oleylamine (1.25 ml) in toluene (5 ml)
was injected into the Co solution and the temperature was maintained at 85 °C
for 1 hr before the dark purple solution was cooled to room temperature.
A permanent magnet wasplaced onthe outside of a glass vial containing
synthesised NPs to attract the magnetic material to the side of the vial. The
supernatant was removed and the remaining magnetic fraction was resuspended
in toluene. This magnetic separation procedure was repeated a further two times
and all analyses were carried out onthis fraction.
6.13 Synthesis of gold coated iron oxide nanoparticles
6.13.1 Synthesis of Fe;0, nanoparticles
Fe(acac)3 (0.71 g, 2 mmol) was dissolved in phenyl ether (20 mL) with
oleic acid (2 mL, 6 mmol) and oleylamine (2 mL, 4 mmol) under N2 with
vigorous stirring. 1,2-Hexadecanediol (2.58 g, 10 mmol) was added into the
solution and it was heated to 210 °C and heated underreflux for 2 h, then cooled
to room temperature. The solution was used as prepared without any further
separation.
6.13.2 Synthesis of Fe;04-Au nanoparticles
The phenyl ether reaction solution of Fe304 nanoparticles (10 mL, approx
0.33 mmol Fe304), Au(OOCCHs); (0.83 g, 2.2 mmol), 1,2-hexadecanediol (3.1
g, 12 mmol), oleic acid (0.5 mL, 1.5 mmol) and oleylamine (3 mL, 6 mmol) were
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added to phenyl ether (30 mL) under N> with vigorous stirring. The reaction
solution was heated to 180-190 °C and held at this temperature for 1.5 h
After cooling to room temperature, ethanol was added into the solution
and the magnetic material collected using a permanent magnet. The precipitated
product was washed with ethanol, and redispersed in hexane (10 mL) in the
presenceofoleic acid and oleylamine (approx 75 mM of each). The nanoparticle
solution appeared dark purple.
6.13.3 Phase transfer of Fe,;0,@Au NPsinto aqueoussolution
The Fe304-Au NPs (Sml of hexane solution) were precipitated ethanol
(approx 15ml) and a permanent magnet. The precipitate was washed 2 more
times then redispered in 3ml of 1M TMAOHsolution. Tri-sodium citrate (0.04g)
was added and the pH ofthe resulting solution adjusted to approx. pH6.5. The
solution was the sonicated for 15 min, after which the Fe;0,@Au NP were
collected using a magnet and redispered in pure water (5 mL) and sonicated for a
further 5 min. An aliquot of this solution (100 WL) was then added to 100 uL of
and solution of thiolated DNA (100 uM,kindly provided by Dr Christoph Wallti,
University of Leeds) and the solution was observed for any indication of
aggregation.
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